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Abstract
Problems encountered in the development
noids have been investigated in the light of the
a particular prototype (8. 0 inches in diameter,
ature).
of large-volume superconducting sole-
experience induced by the realization of
4 ft long, 20 kilogauss at room temper-
The current-field characteristics of some useful superconducting materials (Nb,
Mo-Re, Nb-Zr) have been measured; the results are discussed in terms of recent the-
ories of superconductors. Electrical connections are very important in superconduct-
ing circuits and hence received detailed treatment.
The spurious loss of the resistanceless state of a superconducting solenoid, which
is particularly dangerous for large-volume devices, because of the large magnetic en-
ergy involved, was thoroughly investigated. Starting from the steady-state mechanisms
of the quenching propagation in wire, the equations for current decay, voltage surge,
wire-temperature rise, and energy transfer are derived; results of calculations for the
prototype solenoid are presented.
The design of the prototype solenoid, which can be divided somewhat arbitrarily
into the magnetic-field generating system and the cryogenic system, is thoroughly de-
tailed. The most important topics covered are: field calculation for multicoil sole-
noids (a machine program to calculate the field on- and off-axis is presented); magnetic
stresses and magnetic energy; quenching process for multicoil solenoids; steady-state
heat transfer caused by residual gas, thermal radiation and conduction (a derivation of
the conduction loss with counterflow gas cooling is presented); and transient heat trans-
fer, particularly during cooling down and quenching.
Preliminary results are discussed, and suggestions for an improved design are
made.
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I. INTRODUCTION
1. 1 HISTORICAL NOTE
For a long time it has been an unfortunate fact that although theoretically no power
is required to sustain a magnetic field, its production involves very large electrical
power and an identical cooling capacity to avoid burning the magnet. This situation has
been vividly summarized by H. Kolm: "sustaining magnetic fields is probably the only
major type of operation that we perform with absolutely zero efficiency". 
Small permanent magnets remind us that some magnetic fields can be produced with
100 per cent efficiency. Another natural phenomenon - superconductivity - will give the
same efficiency for electromagnets.
The superconducting or resistanceless state of matter was discovered more than
50 years ago, in 1911, by H. Kamerlingh Onnes. 2 Onnes was then investigating low-
temperature electric properties in the liquid helium that he had produced in 1908. He
realized the usefulness of this discovery for the production of magnetic fields; in a
meeting in September 1913, at Chicago, 3 Onnes could say: "The problem which seems
hopeless, in this way enters a quite new phase when a superconductive wire can be used."
An attempt to produce a 10, 000-gauss magnet was made, but it was doomed by a new and
important feature of superconductivity: the normal resistivity returned at an uninter-
estingly low magnetic field. Nevertheless, various solenoids were investigated 4 in the
Onnes laboratory between 1914 and 1922; they worked properly up to approximately
400 gauss, the critical field of the lead wire.
The way to higher and more useful magnetic fields is now paved with the discovery of
materials with higher critical magnetic field. In 1931, lead-bismuth alloys5 exhibited
a 15, 000-gauss critical field, but the attempt to make a solenoid was abandoned because
a third deleterious feature of superconductivity appeared: the current-carrying capacity
of the material was too low. Doubts were raised about the practical possibility of ever
producing fields higher than a few kilogauss with superconductors.6' 7
In 1941, in Germany, Justi was able to produce 15, 000 gauss with a ring of sintered
Nb N compounds at the surprisingly high temperature of liquid hydrogen at reduced pres-
sure.8 In that case, however, the field had to be induced with another magnet, thereby
reducing somewhat the usefulness of the device.
In 1955, Yntema 9 reported an electromagnet with niobium for the windings operating
at approximately 7 kilogauss. Autler published, 10 in 1960, a more detailed description
of niobium electromagnets producing up to 5 kilogauss in air and 10 kilogauss with iron
pole tips. This is about the time when Rosell thought of the feasibility of large super-
conducting solenoids for plasma research for which high volumes of moderate strength
magnetic field are needed. The pace was already being stepped up; the development of
the cryotron had stimulated activity on superconducting devices and materials.l3 More
recently, three major discoveries of the Bell Telephone Laboratories gave real promise
1
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of success: (i) a Mo-Re solenoid1 4 operating at 15 kilogauss, in November 1960; (ii) the
high-current high-density magnetic field characteristics (105 amp/cm 2 - 150 kg) of Nb3 Sn15
sintered core wire, in February 1961; and (iii) the excellent characteristics
(5X10 4 amp/cm2 - 70 kg) of the niobium-zirconium alloys. 1 6
Numerous 50-70-kilogauss solenoids made of niobium-zirconium have been
reported, 17,18 and, more recently, the 100, 000-gauss level was attained. 19
1.2 SCOPE OF THE PRESENT WORK
This work is basically intended to explore the problems and feasibility of producing
magnetic fields that are useful for plasma research and other large-scale applications,
by using the phenomenon of superconductivity. Field structures of large volume rather
than the highest possible strength are required, although ultimately both are desired.
Very little was known at the beginning of this work, even about small-size supercon-
ducting solenoids,10 and nothing at all about larger devices. The direct approach was
chosen, and the construction of a large-volume, moderate field solenoid was decided upon.
The device should: (a) produce the field that is useful for plasma experiments; (b) be
large enough to reveal and permit exploration of the real problems of large devices; and
(c) be comparable in cost and operating expense to a similar conventional solenoid.
1. 3 THE CONCEPT OF THE LARGE-VOLUME SUPERCONDUCTING SOLENOID
We considered a working space at room temperature of 8. 00-in. diameter and 4-ft
length in which a plasma column could be inserted. A horizontal configuration was cho-
sen, more by analogy to the natural configuration for conventional solenoids than for any
other technical reason. The magnitude of the field was left open while the most attrac-
tive available superconducting materials were evaluated. Thus an investigation of the
characteristics of the most suitable material initiated the experimental work. A field
of 6 kilogauss (available at the start of the program with niobium) was set as the lowest
interesting field strength. Methods of making suitable electrical connections to these
materials are not altogether obvious; this problem is dealt with in this report.
We anticipated quick release of the magnetic energy as heat if the solenoid lost its
superconductivity. In order to reduce these morbid effects, the following decisions were
made: (a) division of the winding into small coils stacked together; (b) dry running of
the coil; that is, no liquid helium in contact, so that the danger of sudden helium-gas
overpressure would be drastically reduced. Because the coils had to be cooled by con-
duction, copper walls and copper coil forms were decided upon. Cooling by racks of
small tubes in which the liquid helium circulates naturally by thermal-siphon effect was
thus found to be the simplest solution.
In order to take full advantage of the superconducting state, the winding must have
the capability of being energized by an external power supply, then of being run persist-
ently. A switching device like a power cryotron had to be developed; the thermal switches
that were developed are described here.
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Since the economy of the system rests upon the consumption of liquid helium, which
is necessary to keep it cool, every heat loss must be minimized. In particular, the antic-
ipated high heat loss by thermal conduction through the electric copper leads (large
thermal conductivity) must be radically curtailed by efficient counterflow with the cold
helium gas. All of these considerations are dealt with.
The resulting final design is developed and presented in Sections V and VI, which
treat the magnetic and cryogenic systems. Section VII summarizes the experimental
results obtained thus far, and Section VIII gives the conclusions.
1.4 ECONOMIC CONSIDERATIONS: THE CALCULATION
For a large solenoid the central magnetic field B is related to the conductor current
density i by the relation (in MKS units)
o
B -i Di(a-1) G. (1)
Here, = 41T X 10 - 7 weber/m2; is the space factor of the winding; a is the ratio of
the outside diameter to the inside diameter D. of the winding; and G is a coil configura-
1
tion factor.
For a long enough solenoid (length greater than twice the diameter), G is almost
independent of a and can be calculated (see Appendix) either by Eq. A-4 for thin or
Eq. A-6 for thick solenoids. We now apply these size and field considerations to the
economics of conventional and superconducting solenoids.
a. Conventional Solenoid
The investment cost is mainly a function of the weight of the coil M c , and of the
power supply rating Wp. We have
M = q(a2 -1), (2)c
where
q = dPXD3 (3)
and
W = r a + 1 (4)
P a - 1
with
B 2
r = 1 Z -- D. (5)
Here, is the ratio (length internal diameter), d is the density, and p the electrical
resistivity of the winding material.
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A parametric optimization of a, that is, the winding thickness, can now be made.
Let us define the following cost: CM , the coil cost per unit weight, Cp the unit cost
of power supply, cooling system and auxiliary equipment, Y the yearly capital cost, C
o
the unit power operating cost, and CF the fixed operating cost. We assume that the mag-
net is operated for T hours per year. Then the investment cost is
c -2 a+1Ic= CMq(a-1) + Cpr a 1. (6)
the operating cost for power is
Z =C Tra ; (7)
op o a-i
and the total annual cost is
ZTC = YI + Zp + CF (8)
A minimum of ZTC occurs for a = a m so that
2 (YCp+TCo)r
am(am 1) YCMq (9)
from which the investment cost Ic and annual power cost Zop can now be calculated.
b. Superconducting Solenoid
The investment can be considered directly proportional to the amount of supercon-
ducting material M s . We have
B~ / _____2_
= 7rd B D. + B (10)
s s ~i G F L i o sG F'
where i s is the limiting current density at the field B, and d s is the density of the super-
conducting material. The investment is therefore
Is = CMs, (11)
C s being the unit weight cost.
The operating cost depends mainly on the liquid-helium consumption which arises
from the steady-state heat losses and also from the magnet cooling-down. The annual
cooling-down cost is proportional to the magnet weight and the yearly frequency F. The
annual heat-loss cost can be considered proportional to the magnet weight and the oper-
ating time Ts . It should be pointed out that TS may be very much longer than the real
utilization time of the magnet, because of the relatively expensive cooling-down process.
We have, therefore, for the operation cost
Zos = Ms(XcF+X ss) CH , (12)
where CH is the liquid-helium cost, xc and xs the cooling-down and the steady
4
Table 1. Cost comparison calculation.
Basis: Field in a volume 8. 00 inches in diameter, 4. 0 ft long
Conventional Magnet
Coil ID inch 9. 0
Space factor % 90. 0
Coil geometry factor G 0. 97
Copper resistivity ohm-cm 2. 7 X 10- 6
Copper density gm/cm 3 8. 95
Coil cost $/lb 8. 00
Power supply and cooling $/Kw 100. 0
Power cost $/Kw h 0.015
Operating time h/year 1000
Superconducting Solenoid
Coil ID inch 11.4
Space factor % 22.0
Coil geometry factor G 0. 96
Current density i Am/cm2 4.0 X 104
Density g/cm3 8. 21
Coil cost $/lb 1000
Cooling down frequency F year 1 6. 0
Cooling down rate I/lb 0. 5
Permanent cooling rate 2/lb h 0. 005
Liquid helium cost $/2 4. 0
Operating time h/year 2000
Capital cost % per year 10
Re sults
Magnetic field KG 20 40 60
Conventional Magnet
a optimum 2. 88 4.14 5. 20
Coil weight lb 6410 14, 180 22, 840
Power supply rating Kw 515 1640 3230
Coils and power supply cost $ 105, 000 318, 000 587, 000
Annual power cost $/year 7720 24, 600 48, 400
Superconducting Magnet
Winding thickness inch 0.74 1.48 2. 22
Superconducting mat. weight lb 89 189 300
Coil cost $ 89,000 189,000 300, 000
Annual liquid helium cost $/year 4630 9820 15, 600
5
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consumption per unit weight.
c. Results
A comparative cost calculation between a conventional water-cooled copper magnet
and superconducting magnet with niobium-25%-zirconium used has been done for 3 mag-
netic field strengths (20, 40, 60 kilogauss). The working volume is the projected volume
20-22for our superconducting solenoid. Prices were obtained from various sources and
are fairly representative of the present state of the art. The calculation basis and
results are shown in Table 1.
We find on this basis that the superconducting solenoid is economically advantageous
in terms of both investment and operational costs. The advantage is small at 20 kilo-
gauss, but increases markedly at higher fields. Even allowing for some price uncer-
tainty, a superconducting magnet appears to be economically attractive now. In the
future the advantage of superconducting solenoids should increase significantly, because
of better design and reduction of superconducting-wire cost.
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II. CURRENT-FIELD CHARACTERISTIC OF SUPERCONDUCTING MATERIALS
2. 1 INTRODUCTION
The essential purpose of the experimental investigation of superconducting materials
is to provide engineering data for the safe design of superconducting solenoids. In this
connection, two parameters are fundamental: the current-carrying capacity, which will
govern the amount of material necessary to produce the desired field strength; and the
maximum critical field, which will impose an upper bound on the field strength attain-
able. When this project was started, in April 1960, very little was known about these
parameters, their relationships or even methods of their determination. Consequently,
the first study was of materials: niobium wires were available at that time1 0 ; later,
molybdenum-rhenium alloys and niobium-zirconium alloys 6 were studied, following
the discovery, in November 1960 and April 1961, that they were interesting supercon-
ducting magnet materials.
The investigation was intentionally restricted to ductile materials with the exclusion
of intermetallic compounds, such as Nb3Sn, V3Si or V3 Ga, although their potentialities
are greater than those of ductile materials. Winding solenoids with ductile materials is
a well-known and easy technique; a great deal of development work underlies the con-
struction of an intermetallic compound solenoid, as we have found.2 3
The experimental procedure selected for the determination of the transition of the
superconducting to the normal state is described below. Experimental results for the
various materials will be developed, with particular reference to the effects of several
parameters: temperature, mechanical state of the wire, relative field-current orienta-
tion, heat treatment, and wire size. We then devote a short account to the physics of
superconductors. Interpretation and discussion of our experimental results will be given.
We shall treat the very distressing phenomenon of the current degradation that is
observed when we go from a short sample to a wound solenoid.
2. 2 EXPERIMENTAL PROCEDURE
The experimental task is to establish the relationship between the maximum allow-
able current intensity and the applied magnetic field. The representative I-H charac-
teristic curve that separates in I-H space the superconducting and normal conducting
regions traces the transition between the corresponding states.
Its determination is based on a resistive method for which the onset of the normal
conducting state is detected by the appearance of a voltage across the sample when the
current is increased while the applied magnetic field is held constant. This method has
the advantage of purpose and simplicity; however, the data thus obtained are restricted
in scope, since the method disregards magnetization properties.
The value of the resistive method depends on the sensitivity of the voltage-detection
7
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apparatus. An electronic micro-voltmeter with a threshold of 10 - 8 volt is most suitable.
This is particularly useful in the low-current region for the early detection of the tran-
sition, which is then quite broad and seen in detail. At high current, detection becomes
very simple because the transition degenerates to a very sharp phenomenon called
"quenching." The sample goes completely normal; if the sample is short, the resistance
change is small, and the sample may subsequently fuse. Good protection is provided
by a parallel low-resistance shunt.
Figure 1 is a schematic view of the experiment that was used for the determination
of the IC -H characteristic curves of the niobium and molybdenum-rhenium alloys wires.
The magnetic field is produced with a small iron core superconducting magnet wound
with niobium wire and energized with a small transistorized power supply. 2 3 Fields up to
AMMETER
Fig. 1. Schematic view of the experimental arrangement for the investigation of
current-field characteristics of superconducting materials.
15 kilogauss are generated by this magnet. The sample of wire with current and voltage
connections is inserted and exposed to a transverse magnetic field. The entire device
is immersed in liquid helium contained in a suitable dewar. Most of the experiments
were performed at atmospheric pressure (4. 2°K); however, some reduced pressure
runs down to 4 mm Hg (1. 6°K) were also made.
For the niobium-zirconium wires, the principle is the same, but high fields and cur-
rents are provided. The 4-inch 67-kilogauss and the 2-inch 88-kilogauss Bitter sole-
noids of the National Magnet Laboratory supplied the magnetic field. A thin-tailed dewar
containing the sample was inserted into the solenoid hole, with field and current
8
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perpendicular. It was found very important to keep the inductance of the detection cir-
cuit as small as possible by minimizing its area, in order to have very low noise level.
A battery bank with control rheostats replaces the small transistorized power supply.
In either case the test procedure is the same: the magnetic field is first set to the
desired value, and then the sample current is increased until the micro voltmeter reads
somewhat over noise-level.
Once recorded, the current is shut off immediately to avoid heating the sample. This
measurement is repeated several times; the magnetic field is brought to a new value,
and the test continues again.
2.3 EXPERIMENTAL RESULTS
Investigations were performed on cold-drawn wires with diameters from 0. 003 inch
to 0. 020 inch. The selective results presented below illustrate the influence of the main
relevant parameters.
a. Niobium2 4 , 25
(i) Current-Carrying Capacity
A family of constant detection voltage, I -H characteristic curves of a typical
c
0. 005-inch diameter wire (manufactured by Fanstel Corporation, North Chicago, Illinois)
is shown in Fig. 2. If we consider the most sensitive detection voltage (10 - 8 volt), the
I -H curve appears to be separable into two different sections: the high-current low-
field section with a small dependence in H, and the low-current high-field section in
which the current drops quickly. Typical current in the first section is 30-40 amps with
corresponding current density of 2. 3 X 105 amp/cm 2 . The knee between the sections
lies in the vicinity of 4-6 kilogauss at 4. 2°K. The second section manifests a quasi-
exponential dependence of Ic versus H, with typically a change of I by a magnitude for
a 1000 gauss increase of H.
Economic considerations in superconducting solenoid design impose a lower
limit of useful current. Practically, only the first section of the Ic-H curve and up to
the knee is advantageous for magnet construction, that is, up to 4-6 kilogauss at 4. 2°K.
(ii) Influence of the Detection Voltage
As illustrated in Fig. 2, the shape of the Ic-H curve is quite dependent on the detec-
tion voltage, and consequently its physical meaning is somewhat obscure, particularly
in the high-field section of the curve. In this region the transition is very broad, and
its superconducting limit is debatable. In the low field region, however, the quenching
produces a clear transition, and the physical significance of the I-H curve is meaningful.
(iii) Temperature Dependence
Decrease of the operating temperature shifts Ic-H curves toward higher field and
somewhat higher current. Thus the useful limit of niobium becomes 8. 9 kilogauss at
9
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Fig. 2. Characteristic I -H curves for cold-drawn niobium
c
wire in transverse magnetic field at various detec-
tor voltage settings.
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1. 6K, as seen in Fig. 3.
(iv) Mechanical State
Annealed and cold-drawn wires have a radically different I-H curve, as seen in
Fig. 3. Cold working displaces the curve toward higher values of both I and H. Sig-
nificantly, Ic jumps by a factor of 10 at constant field, and the useful limit of H is
increased approximately 50 per cent. Empirically, we desire the maximum possible
cold work which is compatible with good handling and mechanical properties.
(v) Relative Current-Field Orientation
Figure 4 shows the Ic-H characteristic curve of an Nb wire in a longitudinal magnetic
field. Compared with transverse orientation (Fig. 2), the curve is shifted toward higher
field, and the slope of the high-field region is decreased. For instance, the 1-amp
KILOGAUSS
Fig. 3. Effect of temperature and mechanical state on the I-H characteristic
curve of niobium wire.
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Fig. 4. Characteristic Ic-H curve of cold-drawn niobium wire
in longitudinal magnetic field.
current limit is now at 8 kilogauss versus 5 kilogauss for transverse field.
The application to solenoid design seems doubtful, since current and field are usually
orthogonal. Beneficial returns may be expected in force-free solenoids 2 6 in which cur-
rent and field are partially parallel.
b. Molybdenum-Rhenium Alloys
Following the Bell Telephone Laboratories discovery, 14 several molybdenum-
rhenium wires have been evaluated. They are manufactured by the Chase Brass
Company, Waterbury, Connecticut; their rhenium content varies from 40% to
48%, with corresponding formula Mo3 Re to Mo2 1 Re. Their cold work is excep-
tionally high, owing to their unusual ductility, the size reduction being more
than 99%.
Figure 5 represents the I-H characteristic curves that appear to be quite similar
in shape to those of Nb wire, but with field increased up to 10-15 kilogauss. The cur-
rent capacity is similar to niobium.
12
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Fig. 5. I -H characteristic curve for molybdenum-rhenium alloy wire.
c. Niobium-Zirconium Alloy Wire
First reports 16 ' 27 28 of niobium-zirconium alloys suggested a very useful super-
conducting material for magnet construction, with potentialities much greater than those
of niobium and molybdenum-rhenium. Our first samples of niobium-zirconium wires,
manufactured by the Wah Chang Corporation, Albany, Oregon, were received and tested
during the summer of 1961. 2 9 Their zirconium content is either 25 per cent or
33 per cent, hence with formula Nb3Zr or Nb 2Zr. Their diameters range from
0. 0063 inch to 0. 020 inch, and they are usually cold drawn from a 0. 125-inch rod so
that the size reduction varies between 97 per cent and 99 per cent.
(i) Current-Carrying Capacity
Results of the measurements are reported in Fig. 6 both for short samples (1 ft) and
for longer lengths of wire wound as solenoids. Current-carrying capacity of the short
samples extends to 60-65 kilogauss, which is the knee of the I -H curve. Beyond this
value, the current falls sharply.
13
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Such characteristics greatly surpass those of the previous materials. Magnetic-field
usefulness goes much beyond the limit of ordinary ferromagnetic material (20 kilogauss).
Moreover, good mechanical properties of the alloy3 0 ' 31 with yield point higher than
a
H
B (K GAUSS)
0
Fig. 6. Characteristic I-H curves of niobium-zirconium
short-length samples and as wound solenoid.
alloy wire as
250, 000 psia simplify the task of magnet construction.
The degradation of the current-carrying capacity between short samples and sole-
noids (see Fig. 6) has been a distressing and inexplicable fact, and is still the most com-
pelling problem to be faced in superconducting magnet design. We will discuss recent
explanations after a short exposition of the basic physics of superconductors.
(ii) Wire-Heat Treatment
Much effort has been made to improve the wire performance by suitable heat treat-
ment,31 33 but the results that appear in Fig. 7 are somewhat discouraging.33 The per-
formance decreases monotonically both with temperature and with treatment time. The
standard cold-drawn wire has the best performance, in opposition to the annealed wire
which shows a very poor current-carrying capacity. The standard non heat-treated wire
was chosen for solenoid construction.
(iii) Effect of the Wire Diameter
The largest diameter wire would be preferable for solenoid construction, under the
assumption of comparable current density. The length of wire, hence the number of
14
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Fig. 7. Effect of heat treatment on the I -H characteristic curve of
C
niobium-zirconium wire (T = 4. Z°K).
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intermediary connections, the number of turns of winding, and the inductance would be
reduced.
As shown in Fig. 8, the current density is higher for the smaller diameter. A
0. 010-inch diameter wire was selected as a compromise between the superconducting
performance and the technological specifications.
2.4 PHYSICS OF SUPERCONDUCTORS
We believe that this small incursion into the domain of the physics of superconductors
will be most beneficial, particularly for the discussion of the experimental results.
It is now well established that superconductors can be divided into three classes34
Type 1: ideal (soft) superconductors
Type 2: mixed-state superconductors
z
I.
z
Z
z
I
H APPLIED MAGNETIC FIELD
Fig. 9. Typical magnetization curves of the three types of superconductors.
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Type 3: filamentary type superconductors.
Differences between the three types are clearly apparent in their magnetization
curve, as seen in Fig. 9.
a. Type 1: Ideal Superconductor
The ideal superconductor has perfect superconducting behavior. In particular, its
diamagnetism is absolute up to the critical field Hc, Th' which is just the thermodynamic
critical field. All of the classical laws of superconductivity are obeyed. For instance,
Silsbee's relation 3 5 gives the maximum current in zero field as
Jc dWHc Th (13)
where Jc' dW' Hc, Th are the critical current, the wire diameter, and the critical mag-
netic field. The critical field is parabolic with temperature, a consequence of perfect
thermodynamic behavior. 6, 3
Hc Th(T) = Hc Th(0)[1- (14)
where HcTh(O) and Tc are the zero temperature critical field, and Tc is the critical
temperature. Also, the area of the magnetization curve is equal to the free energy
change GSN between the superconducting and the normal state
Th -M dH = GSN. (15)
There is an absolute postulate underlying type 1 superconductors: relevant dimen-
sion of the material must be bigger than a characteristic length X known as the London
penetration length3 8
1 m
s= 2, (16)
s e L0
where n s is the electronic density, and m and e are the electronic mass and charge.
Typically, Xs is of the order of 500 angstroms.
For instance, a filament-shaped sample of diameter df > Xs will stand a longitudinal
magnetic field Hc, F before going completely normal:
H H __ (17)
c, F c, Th df
For a transverse field, the transition occurs at a field about half of the longitudinal,
because of the demagnetizing coefficient. 3 9
H 1 H (18)
c, F 2 c, FII
18
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The so-called soft superconductors, such as bulk lead, tin, and mercury, approach
very closely the type 1 superconductor.
Their applications are very much restricted, particularly in regard to magnetic-field
production, since H, Th is always quite small, at most, a few kilogauss.
b. Type 2: Mixed-State Superconductors
These materials are not as ideal as type 1. Their principal difference, as illustrated
in Fig. 9, comes from an imperfect diamagnetism extending from a field Hcl (smaller
than Hc, Th ) up to a field Hc 2 , larger than Hc, Th' The magnetization is completely
reversible, and thermodynamics hold'perfectly so that Eqs. 14-15 concerning the area
of the magnetization keep their validity.
Phenomenological microscopic theories have been developed for type 2 superconduc-
tors, initially by Ginsburg and Landau,40 and on a more fundamental basis by
Abrikosov41 and Shapoval.42 Above Hcl the superconductor subdivides itself in a lami-
nar arrangement of successive normal and superconducting layers. This configuration
is stable because the surface energy of the layer boundary takes a negative value. In the
Ginsburg-Landau theories, this condition is stated by the value of the order parameter K
greater than 1/E2; for K < l1/JZ, the superconductors are of the first type. The order
parameter K is related to the mean-free path of conduction electrons in the crystal
structure. It can be shown 4 3 that
XkK _, (19)
where fo is the coherence length of the electrons. The condition of the type 2 supercon-
ductor can be restated as
o < JZ Xks, (20)
where Xs is the London penetration length.
Experimental investigations prove that hard superconductors such as Nb metal, even
in a very pure and annealed state, are intrinsically type 2 superconductors.4 Fine pow-
der of the intermetallic compounds, such as Nb3 Sn, Nb3A1, V 3 Ga, and V3 Si behave very
similarly.
Interest in type 2 superconductors is thus far limited to their scientific studies.
Indeed, although field H may be much higher than the thermodynamic field, the
current-carrying capacity is small.
c. Type 3: Filamentary Superconductors
In filamentary superconductors, the magnetization (Fig. 9) diverges very strongly
from the ideal curve. The diamagnetism becomes imperfect even at low field
(Hcl < Hc Th ) . Magnetization passes a maximum at H in the vicinity of H then
drops down to a very extended plateau and disappears only at very high field (Hc3). The
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magnetization is not reversible, and shows a very strong hysteresis.
Recent investigation 4 6 of the magnetization curve has disclosed that the supercon-
ducting state next to the Hc M is quite unstable, so that flux jumps occur. This effect
47has been explained theoretically by Anderson as an activation phenomenon in connection
with flux creeping in solenoidal structures.
The current-carrying capacity stays at high level up to the vicinity of the upper field
Hc 3 . Thermodynamic properties are only slightly affected, however.
These features are remarkably well displayed if we assume the structure of the
superconductors to be of filamentary type (as was foreseen long ago by Mendelssohn,4 8
and is now quite well demonstrated ). The material is physically divided into an inter-
connected network of very small-diameter filaments. The physical separation may be
due to the dislocations in the metallic structure, to phase boundaries or phase gradients,
or to impurity concentrations.
The small size of the filaments (df<< s ) insures their survival up to very high field,
which is in agreement with Eq. 17. Hysteresis is inherent in the fact that the filament
network forms a set of multiconnected surfaces into which flux can be locked. Conse-
quently Eq. 15 does not hold, and the area of the magnetization curve is much larger
than the free-energy change. High current capacity arises from the extension of inde-
pendent surface boundary area on which the superconducting current can flow.
An artificial type 3 superconductor was obtained by forcing mercury, a typical soft
superconductor, into a network of 50 angstrom porous Vycor glass. 5 0 Evidence of fil-
amentary structure is also apparent from the metallography of high-field superconduc-
tors, for example, cold-worked Nb-Zr wire. 3 1
Type 3 filamentary superconductors include all of the high magnetic-field, high
current-density materials: cold-worked metal and alloys like Nb, Mo-Re, Nb-Zr, 5 1
Nb-Ti,34 Nb-Th,52 or the intermetallic compounds such as Nb3 Sn, V3Si, V3Ga, etc. 3 4
2.5 INTERPRETATION AND DISCUSSION OF THE EXPERIMENTAL RESULTS
The similarity of shape of the I -H characteristic curve of the three materials inves-
53
tigated, Nb, Mo-Re, and Nb-Zr, can be generalized. Each curve can be characterized
by a few points; for practical solenoid design, the zero-field point and the knee of the
curve are most important.
We have summarized in Table 2 the relevant coordinates of these points, as well as
some physical parameters of interest.
a. Zero-Field Current-Carrying Capacity
We know from the magnetization curve that when H is small the material is com-
pletely diamagnetic. This is necessarily true at H = 0, and therefore Silsbee's relation
(Eq. 13) must hold. Indeed, the values of the Silsbee currents calculated from the ther-
modynamic magnetic field appear to be in reasonably good agreement with the measured
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Table 2. Thermodynamic and superconducting properties of typical high
magnetic field superconductors.
(Field and currents at 4. 2°K)
Material Nb Mo-Re (48%) Nb-Zr (25%)
Thermodynamic Data
(from J. K. Hulm et al. 17)
Tc (°K) 9.0 12.2 10.4
c
Hc, Th (gauss) 1500.0 466. 0 2500. 0
wire
Diameter 10-3 inch 5. 0 5. 0 10. 0
Size reduction (%) 93. 7 99. 3 99. 3
Zero-field values:
Ic Oamp 34. 0 26. 0 110. 0
i amp/cm2 X 105 2. 7 2. 1 2. 2
I (Silsbee) amp 47. 6 14. 8 159. 0
Knee of I -H curve:
c
Ic k amp 5. 0 8. 0 20. 0
ic k amp/cm 2 X 104 4. 0 6. 3 3. 9
c, k
Hc kilogauss 5.0 12. 0 65. 0
Hc k/Hc, Th 3.3 25.8 28.0
values given in Table 2.
b. Current-Carrying Capacity at the Knee of the I -H Curve (ic, k)
At this point, the high value of the field (>>Hc Th ) , as well as the still high (although
about to drop) magnetization, implies that the wire structure has reached its state of
highest filamentary division. For smaller field the filaments, seen as the superconduc-
ting regions, are bigger and partially overlap each other, whereas for higher field the
filaments progressively disappear, thereby decreasing the magnetization. We can ten-
tatively associate ic, k with the dislocation density of the material. Considering that the
dislocation density introduced by cold drawing must reach a limit somewhat independent
of the material, at least for materials with similar cold-working properties, we arrive
at the conclusion that the current density at the knee of the curve must level off to some
definite value.
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The data of Table 2 support this model with approximately 4 X 104 amp/cm 2 as the
knee current density. The smaller discrepancy observed for the molybdenum-rhenium
wire can be interpreted by the exceptional cold work applicable to this wire.
c. Field Strength at the Knee of the Ic-H Curve
According to the filamentary model and the relations shown before on the survival
of thin filaments in a magnetic field (Eq. 18), it seems natural to relate the field strength
at the knee of the I -H curve with the filament diameter. From the ratio Hc h/Hc Th'
we shall obtain X/df. The results, as seen in Table 2, show a large discrepancy between
the niobium value (3. 3) and the two alloy values (27); the latter agree remarkably well
with each other.
Probably, this discrepancy emphasizes a fundamental difference between pure metal
and alloys. The ultimate filament size appears to be much larger in pure metals than
in alloys, possibly because imperfections in pure metal are only strain dislocations,
whereas alloys contain also phase and grain boundary dislocations and composition gra-
dient dislocations, both of which are very effective in the reduction of the coherence
range.
d. Temperature Dependence of Ic-H Curve (Fig. 3)
The displacement of the curve toward higher values is a direct consequence of the
thermodynamic law which, as we have seen, applies with little correction to filamentary
superconductors. Therefore the parabolic law (Eq. 13) should provide a first approxi-
mation, although derived at zero transport current. 5 4 Measurements on a solenoid
(Fig. 10) indicate a linear dependence, although the deviation from the parabolic law
will always be relatively small.
e. Mechanical State and Heat Treatment
The depression of the I-H curve by annealing can be interpreted as a decrease of
the filaments' density by reduction of the concentration of dislocations. Heat treatment
has the same effect but to a lesser extent. It can, however, be useful for final adjustment
of the wire performance.
f. Wire Size
The decrease of current density with size (Fig. 8) has to be associated with the fil-
aments, and therefore the dislocation density. It is well known that cold drawing intro-
duces superficial dislocations, and therefore the average density of dislocations
decreases with increasing wire diameter. Results of experiments on ultrafine Nb-Zr
wires55 agree well with this model.
g. Current-Field Orientation
Increase of the field capability of a short wire by changing its field orientation from
a perpendicular to a parallel setting suggests a demagnetizing effect. As we have seen,
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Fig. 10. Temperature dependence of the critical magnetic field in a
niobium-zirconium solenoid.
a long filament can withstand twice the field longitudinally that it can perpendicularly.
Probably, cold drawing develops dislocations quite anisotropically along the wire axis.
A current anisotropy has also been observed in ribbons 5 6 as a function of field ori-
entation.
2. 6 SHORT-SAMPLE SOLENOID CRITICAL CURRENT DEGRADATION
It has been shown in connection with the performance of Nb-Zr wires (Fig. 5) that
the critical current carrying capacity suffers a sizable degradation when one goes from
a short-length sample to a wound solenoid. The I -H curve of a solenoid is very
flat up to the knee, which is representative of the knee of the I -H curve in ac
short sample.
Numerous hypotheses have been proposed to explain the degradation: length of the
wire, 2 9 faults in the wire, 5 7 heat transfer to the surroundings,2 9 electromagnetic strain
of the wire, proximity effect, and diamagnetic effect.5 None of these hypotheses has
been supported by a careful investigation. We shall examine them briefly.
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1. Length of the Wire
It has been found that the I -H curve of long lengths of wire noninductively wound are
c
very similar to those of a short sample.
2. Faults in the Wire
The fault should affect the short-sample test, as well as the solenoid. Owing to the
large number of samples tested, we can conclude that the probability of a faulted wire
is negligibly small. More direct measurements give the same conclusion. 5 9
3. Heat Transfer to the Surroundings
Well-encapsulated solenoids with no or little communication with the helium bath
have worked as well, if not better, than well-cooled solenoids. 6 0 , 61
4. Electromagnetic Strain of the Winding
This effect is coil-size and field-strength dependent and will be affected by encap-
sulation. Neither of these effects have been found, except for gross physical failure.
5. Proximity Effect
Modifying the coil-space factor will affect its characteristics; however, coils with a
space factor from 20 to 55 per cent behave identically. 6 1
6. Diamagnetism Effect
This effect has received more careful consideration. The explanation 5 8 falls short
on several accounts: (a) the predicted drastic coil-size dependence did not show up for
large coils: 62 (b) the proportionality between the diamagnetic current and the transport
current, and for short samples between the magnetization and the applied field, cannot
be observed4 6 (also, the inductance of superconducting coils increases with the current
load and suggests a decrease of the diamagnetic current63 ); (c) no explanation can be
suggested to explain the increase of solenoid current when Nb-Zr wire is copper plated.
This increase is quite substantial (on the average about 50 per cent, for instance, from
14 to 21 amperes).
Recent experiments, 4 6 ' 64 as well as more theoretical considerations,46 lead to a
new approach to the current degradation. It is a well-known fact that flux jumps occur
in a superconducting solenoid when the current, hence the field, is raised. As we have
shown for the type 3 filamentary superconductors, the magnetization of a high-field
superconducting wire is very unstable in the region near its maximum: flux jumps occur
in the wire, and this is an intrinsic feature of these materials.
We think that the flux jump is the cause of the current limitation in solenoids. When
a local flux jump occurs inside the winding, some microscopic amount of heat is always
generated. Two possibilities exist: (a) the local heat is carried away and the solenoid
46
recovers from the flux jump, but there is some energy loss and thus flux creeping 6
and (b) the heat is not removed fast enough - a minute length of wire goes normal, which
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triggers the quenching of the entire coil.
Coil-simulated I -H curves of a short sample have been proposed to evaluate the wire
c
without making the coil itself.
Good correlations have been obtained either by increasing simultaneously the sample
current and the magnetic field 6 5 or by triggering the quenching with a pulsed field
46(10 gauss, 2 sec) added to the DC magnetic field. The last method indicates a much
depressed I -H curve in the vicinity of 20-25 kilogauss. Recent measurements on the
localization of the quenching region in solenoids support this new point. It has been found
that the quenching seems always to occur in the 20-25 kilogauss region.66
The beneficial effect of the copper plating becomes obvious, since the copper sub-
strate can provide a momentarily low-resistance shunt for the current. Moreover,
measurements of the magnetization curves of copper-plated wires did not show flux
46jumping.
How this model can be exploited to increase the solenoid current performance still
further and up to the short-sample characteristic curve is not yet clear. Judicious
arrangement of the winding and a special procedure in the energizing process may have
some effect.
In the large-volume superconducting solenoid that is to be described, 20 of the
24 coils are wound with copper-plated wire.
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III. ELECTRICAL CONNECTIONS IN SUPERCONDUCTING CIRCUITS
3. 1 INTRODUCTION
Experiments with superconducting materials on either short samples or solenoids
have revealed that the connections are very important. For instance, the I-H curve
of an Nb-Zr sample can be completely degraded if the end connections are done improp-
erly.6 We shall now deal with some of the physics of the connections so that better and
more reliable connectors can be made.
Two kinds of connections must be considered in a superconducting circuit: (a) the
superconducting-to-normal (S-N) connection, which joins an end of the superconducting
circuit with the normal conducting lead leaving the cryogenic environment; and (b) the
superconducting-to-superconducting (S-S) connection that is needed for joining two or
more superconducting wires.
Experimental investigations were performed, first, with niobium wire, in which only
the zero-field limiting current was measured. Later, the investigation was extended to
niobium-zirconium wire for which, in addition to the limiting current, the contact resist-
ance was measured for both S-N and S-S connections.
A crude model of the phenomenon will be presented, giving some insight to the rel-
evant parameters of the physics of S-N connection, and a discussion will follow.
3.2 EXPERIMENTAL RESULTS
a. Experimental Method
The experimental technique is similar to that described in section 2. 2 for the deter-
mination of the I-H characteristics of superconducting materials, but with the magnetic
field omitted. Quenching is sudden at the high-density limiting currents encountered
here. For measurement of the contact resistance, voltage leads were attached as close
as possible on the normal side, and at a convenient point on the superconducting side.
b. Superconducting-to-Normal Connection with Niobium Wire (Table 3)
We have studied6 7 essentially two types of connections: spot-welded to an interme-
diary material, which is then soft-soldered to the copper lead (direct spot-welding to
copper is not feasible); and pressed into an external copper matrix.
The results display similar values of the limiting current, except for the directly
wrapped and soldered wire. The reliability factor favors the spot welding either on Ni
or Pt substrate, the surface of the wire being previously well cleaned either mechani-
cally or chemically. Reliability is improved still further when spot welding is done in
an inert atmosphere, that is, under a drop of alcohol or acetone.
c. Superconducting-tQ-Normal Connections with Niobium-Zirconium Wire
Details and results are displayed in Table 4. Emphasis has been given to mechani-
cally clamped connectors over spot-welded types, because of the fragility of the spot
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Table 3. Limiting current in zero field of different types of connections with a
0. 004-inch diameter cold-worked Niobium wire.
Number
Reference Connection Scheme of imin i i Reliability
min max av GradingTests
NB- 1 Sw, Pt - NCcS 10 2.0 20.0 17.0 B
NB- 2 Sw Nb, Ni- CcS 14 11. 2 29.5 22.8 A
NB- 3 Sw Nb, Ni-NCcS 3 14.5 19.0 16.8 B
NB-4 Sw Nb, Cu pt, Sf- CcS 2 20.0 20.0 20.0 C
NB- 5 Sw Nb, Cu pt, Sf- NCcS 6 4.2 30.0 19. 5 C
NB-6 Uss, In-NCcS 2 20.0 20.0 20.0 B
NB- 7 Ssw- NCcS 2 2.0 2.0 2.0 D
NB- 8 Cu- hy- CcS 2 9.6 29.5 19.6 D
NB- 9 Cu- hy- NCcS 2 4.75 14.1 9.4 D
KEY:
Sw Pt: wire spot-welded to Pt foil, then soft soldered to the lead.
Sw Nb, Ni: wire spot-welded to Nb foil, spot welded on Ni wire (0. 060"), soft sol-
dered to the copper lead.
Sw Nb, Cu pt, Sf: wire spot-welded to Nb foil, copper plated on one side and soft
soldered to copper lead.
Uss, In: ultrasonically soft-soldered with indium to join to the Cu lead.
Ssw: wire wrapped around the copper lead, drowned in soft solder.
Cu hy: wire inserted into a copper tubing, 1/8" OD, with 1/32" wall, then hydrau-
lically pressed at 20, 000 psi.
CcS: chemically cleaned surface.
NCcS: nonchemically cleaned surface.
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Table 4. Contact resistance of Niobium-Zirconium wire to a normal conductor using
different connectors. (Wire diameter, 0. 010 inch; temperature, 4. 2°K;
wire was chemically cleaned before connection.)
Reference Connection Scheme i R R Reliabilityqu mmin av Grading
(ALQ) (IlQ)
N-Z-N 1 Sw Pt 94 ? ? B
N-Z-N 2 Sw Ni 82 7 10 B
N-Z-N 3 Flw- stu SSb 50 6 10 C
N-Z-N 4 Flw- stu - Cuwa- SSb 100 3 8 B
N-Z-N 5 RC1- Brb - Nb-Zr, f 90 8 10 A
N-Z-N 6 RC1 - SSb - Nb-Zr, f 98 4 6 A
N-Z-N 7 RC1- SSb - Cub 90 8 10 A
N-Z-N 8 RC1- SSb - Nbf 80 7 11 A
N-Z-N 9 RC1- SSb - USS Nbf 45 5 5 A
N-Z-N 10 RC1 - SSb - USS Cu 80 6 10 A
KEY:
Flw: flattened wire.
stu: cylindrical stud, brass with 1/4" central bolt and side entrance for the wire.
SSb: stainless steel bolt, 1/4", 28.
Cuwa: copper washer in contact with the wire.
SwNi: spot-welded on nickel 0. 060" wire that is soft-soldered on the copper lead.
RCI: rectangular clamp (see Fig. 23).
Brb: brass bolt, 1/4", 28.
Nb-Zr, f: Niobium-Zirconium on which the wire is laid.
Cub: wire is put in contact with the copper clamp directly.
Nb, f: foil of Nb in which the wire is laid.
Uss Nbf: wire ultrasonically soldered to an intermediary Nb foil using indium
soldering.
Uss Cu: wire ultrasonically soldered to the copper clamp using indium soldering.
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weld and the deterioration of superconducting characteristics observed on S-S connec-
tions (see below).
We have developed two kinds of mechanical connectors: a cylindrical stud, which
is a brass block with axial tightening bolt and side-hole for the wire (a copper washer
can be added in between the wire and the bolt); and a rectangular flat clamp with two
bolts for the clamping, as shown in Fig. 23.
Results of Table 4 indicate similar performance for all types of connection: current-
carrying capacity above 100 amp and contact resistance in the range 5-10 microhms. In
a few cases not shown here, resistance up to several hundred microhms was measured.
In most cases, cleaning the contact area has eliminated the spurious results. Neverthe-
less, some inexplicably high-resistance contacts were made; the possibility of their
existence must be checked in each experimental circuit. Reliability weighs in favor of
the rectangular clamp because the wire can be inserted more easily. These clamps
have the slight disadvantage of being bulkier.
We have found that several parameters have little importance: brass versus stainless -
steel bolt (the thermal expansion would be in favor of the brass); laying or not laying the
wire on an Nb-Ar or Nb foil, and adding indium solder ultrasonically. Surface conditions
of the wire appear to be very important: mechanical or chemical cleaning is necessary.
d. Superconducting-to-Superconducting Connections with Niobium-Zirconium Wire
The test of a spot-welded splice (references N-Z-S-1 in Table 5) indicates the dete-
rioration of the superconducting properties of the wire, since its current-carrying capac-
ity drops to less than 8 amps for fields higher than 13 kilogauss. Probably, a partial
annealing of the Nb-Zr occurs at the spot weld. Consequently, we concentrated on
mechanical connectors. The same kind of mechanical clamp previously used in the S-N
connections of Nb-Zr were investigated.
The results shown in Table 5 confirm these findings. The flat rectangular clamp has
definitely improved performance and has better reliability than the cylindrical stud type,
probably because of better placing of the wire before tightening. The technique of laying
the two wires parallel on a small piece of Nb-Zr foil (1/8" X 3/8" X 0. 020") set under
the rectangular clamp seems to be a good solution with high performance (Ro 10 - 6 ohm
at 90 amp), ease of assembly, and reliability. This type of S-S connection was adopted
for the numerous intermediary connections of the coils of the large volume supercon-
ducting solenoid.
e. Theoretical Analysis of the S-N Connections
If we assume that the contact area at the junction of a superconducting wire with the
normal conducting lead is of the same order of magnitude as the cross section of the
wire, we find that the extremely high current density in the superconducting wire will
be excessive for the normal material.
Let us assume for simplicity the following model. The superconducting wire is
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Table 5. Performance of several superconductor-to-superconductor connections.
(Wire Nb-Zr, 25%; 0. 010" diameter; chemically cleaned; temperature,
4. 2°K.)
Reference Connection Scheme I Contact Resistance Reliability
qu Grading
N-Z-S 1 Sw- Cr w 80 B
N-Z-S 2 stu - tw w - SSb 32 C
N-Z-S 3 stu- Cr w- SSb 32 C
N-Z-S 4 R C1- Uss - SSb 80 4 at 80 amp B
N-Z-S 5 R C1- Cr w - SSb 80 7 at 60 amp - 20 B
80 amp
N-Z-S 6 R C1- Nb-Zr f- SSb 80 1 at 80 amp A
N-Z-S 7 R C1- Sw Nb-Zr f- SSb 35 1 at 35 amp A
*Only 8 amp at 13 kilogauss, and <5 amp for H = 20 kilogauss.
KEY:
stu: cylindrical stud, brass with 1/4" central bolt, 28, and side entrance
for the wire.
SSb: stainless steel bolt 1/4", 28.
tw w: two wires twisted together.
Cr w: two wires crossed.
R Cl: rectangular clamp (see Fig. 23).
Uss: wires imbedded in Indium ultrasonically deposited.
Nb-Zr f: wires laid parallel on an Nb-Zr foil.
Sw Nb-Zr f: wires spot-welded on an Nb-Zr foil.
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thermally insulated from its surroundings, and the normal conducting connector is a
spherical sector of solid angle f2 which has its inner spherical surface (radius r) in con-
tact with superconducting wire and its outer (radius r) with the helium bath.
Electrical current and heat conduction in the spherical sector can be written
av pI
ar = 2-Z (21)Or
and
2T pI2
a T (22)
8r 2 kQ2r '
where V is the voltage, r the radius, p the resistivity, I the current, T the tempera-
ture, 12 the solid angle of the spherical sector, and k the heat conductivity.
The solution, with boundary condition
(a8) = 0 (23)
r=r.
(since we assume the superconducting wire to be thermally isolated) is
AV = 2ri - l )(24)
22 i+ - (25)
c 6k2 r2 re ri
r.
If << 1, we obtain the resistance
e
p
R -- (26)
and the temperature difference
W r
A kT r (2--- 3 (27)Tc 6kQ ri 2 r (27)
where W c is the power loss, pI2/ri .
The heat transfer from the outer surface to the helium bath may be characterized,
68,69
under the assumption of small losses, by the equation
2 1. 7
WB = 7. 35 r e (ATB) . (28)
An example will be useful to show some of the features of the model. Let us assume
an Nb-Zr wire 0. 010" in diameter (r~-O. 0125 cm) in contactwith a copper connector only
on one side (this is our experimental arrangement). The contact area may be taken as
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r. , so 1. With p = 1.6 X 10 - 8 ohm cm at T = 4. 2K, we obtain R = 1.3 X 10- 6 ohm;
1
this is the same order of magnitude as the measured values. For the calculation of AT c ,
we assume re 0. 150 inch (0. 375 cm), k for copper is 4 W/cm-'°K 53 and find for a 100-
amp current, AT c = 2. 5K and AT B = 0. 08 K.
From this result we neglect the heat-transfer film resistance to the helium bath com-
pared with the conduction resistance. When current is increased, ATc 2 until the
critical temperature is reached at the surface of the superconducting wire. This critical
temperature will be slightly below the thermodynamic critical temperature, because of
the presence of the current and magnetic field. In our example, assume Tc(J * 0) = 9. 8,
that is, 0. 6°K below Tc
.
Then the maximum current-carrying capacity of the contact
would be approximately 150 amps, which is very much in agreement with experimental
results here and elsewhere. 6 8
From these considerations, the limiting current IM of a connection is
(T-TB)k 2 ri 1/2
Im Ap j(29)
where A is a dimensionless coefficient equal to
ire 1
3 ri 2
whose value can be estimated to be approximately 10. The equation displays clearly the
importance of good heat conductivity, large contact area (ri ), and low electrical
resistivity.
Neither the experimental investigation that we performed nor the phenomenological
model that we have developed was exhaustively treated. The essential purpose was prag-
matic in nature and in thought.
Concerning our physical model of the contact, the most debatable point is the assump-
tion of a point contact, not a line contact. We took this assumption because we observed
on the spot-welded connections on Nb wire that the current-carrying capacitywas inde-
pendent of the number of spot welds. Theoretically, a line-contact model would give
very much smaller resistance and temperature drop than the values observed (factor
100).
It would be interesting to test the validity of the model through the limiting current
equation (26) by using other metals than copper.
The flat mechanical clamp that was developed gives reasonably high probability of
trouble-free service on the large-volume superconducting solenoid.
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IV. QUENCHING PROCESS OF A SUPERCONDUCTING SOLENOID
4. 1 INTRODUCTION
For various reasons, a superconducting solenoid may quench and jump into the nor-
mal resistance state. Subsequently, the magnetic energy must be dissipated, thereby
producing a voltage pulse, local heat deposition, and other effects. When the magnetic
energy becomes large enough, the associated effects, if not controlled, may damage
the coil.
It is essential for the safe design of large coils to know the physical behavior of the
phenomenon. First, we shall review briefly the propagation of the superconducting-to-
normal front under steady-state conditions. Then we shall investigate the quenching
process in a solenoid and the problems of energy transfer and coil protection. Finally,
we shall apply these principles to the design of a typical coil of our large apparatus.
4.2 QUENCHING PROPAGATION OF A SUPERCONDUCTING WIRE UNDER
STEADY-STATE CURRENT
We are not concerned here with the initiation of the quenching process (it may have
been flux jumping, low helium level, or whatever). What we are concerned with is the
combined propagation of resistance heating and normal resistance throughout the quan-
tum superconductor, once a small normal resistance region has appeared somewhere.
a. Thermally Insulated Wire
The current flowing in the normal region of the wire generates heat which diffuses
toward the superconducting section, because of the temperature gradient (see Fig. 11).
If we assume a steady-state process, the velocity of the front is constant. Application
of the heat equations combined with the relevant boundary conditions leads to the fol-
lowing relations (in the coordinate system of the moving front):
The superconducting-region temperature is
Ts = (Tc-TB) exp(-asy) + TB (30)
The normal-region temperature is
bN
TN a y. (31)N
The front velocity is
I PNks ()
i ApC T c T (32)
r 2Here, A = dW is the cross section of the wire of diameter dW, and4 
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as,N = (C p Vi/k)s,N
bNI 2
bN= kNA 
(33)
(34)
Also, TB is the bath and T c the material critical temperature under the actual con-
dition of current and field, C is the average specific heat, kN and k s are the heat
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Fig. 11. Unidirectional superconducting-to-normal front prop-
agation of a current-carrying superconducting wire.
conductivities, p is the normal electric resistivity, and p is the density of the material.
b. Radially Cooled Wire
The principle of calculation is the same as before, but the radial heat flow must be
added. We refer for the details of calculation to a paper of Broom and Rhoderick. 7 0
The temperature T s and TN and the velocity v become
T s = (T-TB) exp(-a Cy) + TB (35)
TN = (Tc-TM) exp(-bNcy) + TM
PNk TM -T T1/2 - Tc B
v =a TI - BTM 2 TM TB 
- ApC ITc TB TM TcT B
(36)
(37)
Here, TM is the maximum temperature attained by the joule-heated wire:
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T = T + 1 Nh (38)
and
a = [1 1 /1 + k ) j (39)
sc k L dW\pv/
b Cpv [ l 1+ h- (c) (40)Nc k 2 +Z'
The only new parameter introduced is the radial heat-transfer coefficient h from the
wire to its surroundings. Note that we use averaged values for c and k, so that the front
velocity v can be obtained in the closed form of Eq. 37. This velocity equation includes
two more terms than the corresponding equation (32). The term [1-2(Tc-TB)/(TM-TB)]
governs the sign of the velocity. If TM - TB is larger than 2(Tc-TB), the velocity is
positive; if it is smaller, the velocity is negative, and an initially normal region shrinks.
A useful parameter is the current for a stationary front; from Eq. 38, it is
I [2Ad W -TB c / B (41)
so that the velocity equation can be rewritten more clearly as
v = q I - () ( (42)
with
i[PNk]
qApC -C B (43)
If the radial heat transfer approaches zero, Io - 0, and Eq. 42 reduces to Eq. 32.
We notice a slight nonlinearity of v upon I, but the correction that is due to I may
be neglected for I > 3I o . Finally, the last parenthesis implies an infinite negative veloc-
ity for I < I ; quenching did not occur in the first place.
;Z o
c. Experiments Results - Discussion
Measurements of the quenching velocity in Nb-Zr wire with 0. 001-in. nylon insula-
tion are reported in Fig. 12, and appear to be strictly linear in I, as derived in Eq. 32
with q = 18. 75 cm/sec amp. A zero-velocity current I (=1. 7 amp) predicted from
Eq. 42 appears, but the nonlinear behavior near I = I is not apparent.
With the physical data indicated in Table 6, the quenching coefficient is calculated
as 17. 8 cm/sec amp, in excellent agreement with the measured values.
The I measurement gives a radial heat coefficient h of 0. 059 w/cm 2 K, which is
35
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small compared with the heat flux of 0. 73 w/cm2 (the lower limit of the film boiling in
liquid helium7 1 ). According to this, Io would be increased by replacing the contact with
the helium bath with an insulating material having good heat conductivity.
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Fig. 12. Single-wire quenching velocity as a function of
current. No magnetic field applied.
(Courtesy of R. T. Nowak, Department of Nuclear
Engineering, and Research Laboratory of Elec-
tronics, M. I. T., unpublished data, April 1962.)
The dependence of v on magnetic field strength is implicitly contained in Eq. 32 or
43 through the critical temperature Tc. We may assume a parabolic law (Eq. 14), but
Fig. 13 shows that this does not agree well with the empirical curve calculated from pub-
lished experimental results.72 The disagreement is not surprising, considering that Tc
depends on the current and also that the materials are far from being ideal. Moreover,
the parameters k and C also vary over the temperature range of interest.
d. Effect of Copper Plating on the Quenching Propagation
We can assume that the basic process is not changed and calculate a new velocity by
taking appropriate average properties. Using the data of Table 6, we arrive at a velocity
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Table 6. Physical data and calculations on quenching velocity.
Nb-Zr Wire (0. 010" diameter, 25% Zr, bare)
Te Critical temperature 10.4 °K
p Density 8.21 g/cm 3
p resistivity at 4. 2°K 1.0 105 ohm-cm
C specific heat
(average 4. 2-14. 2) 0. 0024 j/gm °K
k heat conductivity 0. 020 w/cm °K
q (Eq. 43) 17. 8 cm/sec amp
Nb-Zr Wire (with 0. 001" copper plating)
Copper Properties:
p density
p resistivity at 4. 2°K
k heat conductivity at 4. 2°K
C specific heat (averaged
over 4. 2-14. 2°K)
q (Eq. 43)
8. 95 g/cm 3
3.2 108 ohm-cm
4 w/cm sec
0. 0011 j/gm °K
4. 1 cm/sec amp
Reference
17
c
*M1 M
74
c
c
M
74
74
c
c for calculated, M for measured. The specific heat is calculated by a
Debye function, the heat conductivity of Nb-Zr by similarity with var-
ious alloys.
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Fig. 13. Variation of the quenching coefficient as a function
of applied magnetic field. (Data computed from
Z. J. J. Steckly report.70)
coefficient of 4. 1 cm/sec amp for a 0. 010-inch diameter wire covered with 0. 001 inch
of copper plating. Here also the agreement with published results 7 3 is good.
The small decrease in the velocity arises from the higher electrical conductivity
(which decreases the joule heating, and hence the quench velocity) in spite of the higher
thermal conductivity (which increases v).
A more complete experimental investigation reveals a more complicated dependence
than is predicted by simple averaging of the properties of the plated wire. 7 3 A maximum
velocity is found for a thickness of the copper deposit, 0. 0004 inch. Measurement of
resistivity7 3 of the copper plate, however, indicates strong deviations from the standard
values, particularly when the deposit is very thin. One suspects that similar deviations
occur for the thermal conductivity; hence, a good prediction of the quenching velocity
cannot be made.
4.3 THEORETICAL ANALYSIS OF THE QUENCHING IN A SOLENOID
The inductance of the solenoid provides a driving force to maintain the current
flow, even after the appearance of finite resistance in the winding. Therefore the
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normal resistive region will continue to spread until the current is practically reduced
to zero and magnetic energy is dissipated.
a. Monodirectional Quenching in a Single Circuit
The idealized circuit is shown in Fig. 14. We suppose a thermal switch across the
solenoid with a resistance RT. The coil resistance Rc produced by the normal section
CRYOGENIC ENVIRONMENT
n -i1
LOAD
RESISTOR
VARIABLE
VOLTAGE
SOURCE
TWFIRMk A
-COIL
Fig. 14. Equivalent electric-circuit diagram of a supercon-
ducting solenoid during the quenching process. (The
quenching resistance R c , which is the length of wire
in the normal state, varies with time.)
of the wire is time-dependent. Let us assume that quenching proceeds along the wire
in both directions from the initial quenching point. Thus
2RPN vdt, (44)
c A d
for which all symbols have already been described. This, combined with the basic cir-
cuit equation, would lead to the complete solution for the current and resistance.
The circuit equation is
di RELc dt + (R (t)+RE) i = Vp (45)
where Lc is the coil inductance, Vp is the power-supply voltage, Rp is the load resist-
ance, and
RTR P
RE RT + Rp(46)
is the equivalent shunt resistance.
Combining Eqs. 44 and 45 and rearranging, we find
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d2 i 1 di di V RE. QvWi
dt2 dt L Rp + L = 
dt c P c
2PN
for which Q = A . This differential equation can be solved analytically under the fol-
Vp RE
lowing conditions: (i) the term L R is neglected, which is justified because
Vp RE/R p is usually very small and will be zero if the thermal switch is in the super-
conducting state; (ii) vW is assumed to be proportional to i and independent of H; thus
VW = qi. Hence Eq. 47 becomes
dZ i _ dt ) + i 2 = o, (48)
in which q is given by Eq. 43, or by the q = f(H) curve in Fig. 13, with an average value
assumed for H.
Integration of Eq. 48 with i(t=O) = i0 and i(t=oo) = 0 gives for the current
i= i0 sech () (49)
where T is the time constant
c
/ 2L
/ Qi (50)
The coil resistance is
Rc 2LcQqiotanh () (51)
and for t - oo R reaches its maximum value
c
2L
Rc(00) = (52)
The voltage iRc appearing in the winding is
Vc: · =ZLcQ i3/2 sech 2 (tt tanh ()(53)
Vc(t) has a maximum magnitude
L i
VM = 0.542 c o (54)M 
when t = 0. 655 
The rate of energy deposition per unit weight of wire, E is calculated for t -oo to be
40
II
(55)2 N .2EW 3 A oTc'
A P
From Eq. 55, for E W, the maximum temperature rise of the wire during the
quenching, TWM, can be calculated if thermal conduction throughout the coil is small.
E
0
0
z
z
zZ9i
Z
U 5 10 15
TEMPERATURE K
Fig. 15. Internal energy versus temperature for niobium-
zirconium (25%) and copper in the range 0-16°K
(calculated curves).
This approximation is valid for large coils with consequent long thermal time constants.
For the calculation, the internal energy versus temperature dependence of the material
must also be known. Figure 15 gives U(T) for niobium-zirconium and copper, calculated
by assuming Debye's law and fitting the calculated value with published data at high tem-
perature. 7 4, 75
b. Three-Dimensional Quenching
When adjacent turns and layers of the winding are closely packed together, the
quenching propagation will proceed not only along the wire but also directly across the
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Fig. 16. Three-dimensional "across the winding"
quenching front propagation in a super-
conducting solenoid.
winding, as shown in Fig. 16.
Exact calculation of the three-dimensional quenching would require solution of the
heat equation in three dimensions, with the inhomogeneity of the medium taken into
account. To keep the calculation simple, we can average the speed in the r and z
directions, using an adjusted heat diffusion to allow for the presence of insulation.
Simple arguments on heat diffusion indicate a velocity of heat propagation
k
v. _____ (56)i Cpei (56)
where e is the insulation thickness.
Averaging the velocities would give for the ratio K = va/vw
dW + e i
K = W (57)
dW + ei Vi v.
1
where VW = qio is taken as the initial quenching velocity. The quenching is now volu-
metric and we can write for the resistance
~r t 3
[c O W dtJ (58)
with
8 P NQ=- K K X. (59)
A2 r z
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Here, is the space factor of the winding.
Combining this expression for Rc with the differential circuit equation (47) and rear-
ranging, we obtain
d i 1 di Vd p RE I 1 3dt VpRE_REX2 /3di di + .÷ [ldi ___ +1  Q1/3 i = 0. (60)
dt2 i dt dt Lc Rp/ i\dt LCRp +LcJ Ll/3 W
c
Equation 60 is much too formidable for analytical solution, even under the previous
simplifying assumptions; however, it is suitable for integration by numerical methods.
Some insight can be gained by dimensional analysis. With the simplifying assumptions,
we obtain for the time constant T the relation
L 1/4
T z7 i (61)
from which various parameters of interest can be approximated.
1. Asymptotic resistance of the circuit:
L
Rc 2. 0 (62)
Tcc c
2. Maximum voltage:
Li
-3 CO
=V co (63)
c 4 T
Then the maximum energy deposition per unit weight of wire,
~1 PN .2
E I 12 T., (64)
can be derived.
c. Results and Discussion
Experimental results, mainly unpublished, 7 2 ' 76 indicate a current dependence of
the type described by the sech2 (t/Tc) law for unidirectional quenching; however, the time
constants of typical 0. 5-10 henry coils lie in the range 5-20 msec, in much closer agree-
ment with the three-dimensional model. Moreover, radial quenching propagation has
been detected on several coils, 6 6 and the dependence of the time constant with coil
inductance has been found to follow a 1/4 power law. 7 7 Such a dependence is in accord
with Eq. 61 and supports the validity of the three-dimensional model as derived.
We give in Table 7 the comparative calculations for a typical coil of our large appa-
ratus either with or without copper plating. The coil data are displayed in Table 8. The
main results are a longer time constant for the copper-plated wire coil, and a negligible
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Table 7. Quenching of a coil of insulated Niobium-Zirconium wire, unplated or
copper plated.
Thickness of plating
Quenching coefficient
Specific resistance
inch
cm/sec amp
QM ohm/m
(a) Monodirectional Quenching
Time constant TC
Resistance max Rc
Voltage max VM
Energy per weight EW
Temperature max Tw_M
(b) Three-Dimensional Quenching
Radial velocity coefficient Kr
Axial velocity coefficient Kz
Time constant T
Resistance max R
c
Voltage max VM
Energy per weight Ew
Temperature max TW_M
second
ohm
volt
joule/gm
oK
0. 00268
0. 0130
0. 0226
672. 0
5050. 0
21. 0
155. 0
44
0
18.
0.
0
0395
0. 001
4. 1
0. 00044
second
ohm
volt
joule/gm
1. 035
14. 7
114. 0
1240. 0
melting
point
20. 4
0. 745
5. 75
281. 0
1200°K
0.
0.
0.
181.
1361.
0.
20.
0155
143
084
2
0
550
0
- --
Table 8. Coil data for quenching calculation.
I. D.
O. D.
Length
Number of turns
Wire (Nb-Zr) diameter
Turn spacing
Layer spacing
Space factor X
Wire length
Weight of wire
Induction coefficient
Inductance
Assumed quenching current io
Magnetic energy
Insulation constants (at
heat conductivity
specific heat
density
11. 400 inch
13. 010 inch
1. 775 inches
3940. 0
0. 010 inch
0. 015 inch
0. 0242 inch
0. 2164
12592.0 feet
3. 703 pounds
0. 267
7. 62 henries
20. 0 amp
1534. 0 joules at 20 amp
10°K):
k.1
C.
p
6 10- 4 w/cm K
0. 030 joule/gm °K
1. 00 gm/cm3
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maximum temperature rise in the winding.
4.4 ENERGY DEPOSITION AND COIL PROTECTION
a. Single Electrical Circuit
This is the case discussed above. Much of the magnetic energy is dissipated in the
normally conducting part of the winding itself. Part of the energy, E cx is deposited
in the load resistor, and therefore extracted from the cryogenic environment. We have
E = EM (R T) ( T + RcE (65)
where E M is the total magnetic energy of the system, and RcE is an effective resistance
of the quenched coil, which in a first approximation can be taken as 1/2 of Rc max; thus
L
R c (66)
cE T
c
We see from Eq. 65 that unless RT and Rp are much larger than RcE, all of the
energy will be deposited in the coil. To increase the part of the energy which is exter-
nally deposited would require either increasing Rp (raising the power-supply voltage)
or decreasing RcE (that is, arranging for a longer quenching time constant). The last
option favors copper-plated wire with a time constant several times larger than non
copper-plated wire.
The actual advantage is small, however, as can be seen from Table 7; the outlook
for direct energy removal seems very poor. Under the assumption of a 0. 3-ohm load
resistor, the maximum energy that can be transferred is only 0. 2 per cent for the
copper-plated wire.
More improvement can be made by subdividing the winding because the effective
resistance RcE is proportional to L 3 / 4 ; however, practical limitations severely
restrict this possibility.
b. Coil Protection with Multiple Internal Shunts
(See Fig. 17.)
It might be proposed that inserting multiple shunts would turn the coil into an L-R
delay line. The perturbation created in a section by the winding going normal would be
damped. The resistors located outside the cryogenic environment would remove some
energy from the magnetic field.
In practice, the inductive coupling of the various sections would result in an increase
of the current in the nonquenched sections, which in turn might initiate a new quenching
sequence. This effect would most probably result in a generalized quenching, which
would spread the deposited energy more evenly, but would reduce the energy that was
removed externally.
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Fig. 17. Superconducting solenoid circuit diagram with
coil protection by shunting resistors distrib-
uted across the winding.
c. Energy Removal with a Fast-Acting Switch
(See Fig. 18.)
This method, recently proposed by Dowley,78 depends upon early detection of the
quenching and then rapid switch-off of the coil before the normal region has time to
spread. The thermal switch must be replaced by a high-resistance shunt R s , located
outside the cryogenic environment. Energy-transfer efficiency relies heavily upon dis-
connection of the coil before the current changes appreciably, since the relative coil
losses are 2 Ai/i o .
CRYOGENIC
SHUNTING 7/ENVIRONMENT
RESISTOR rE N
LOAD
RESISTOR
VARIABLE
VOLTAGE
SOURCE
rA I I 1 1'4 AMPLIFIERRELAY
(t<0.00 Is)
Fig. 18. Superconducting solenoid circuit diagram
with quenching detector and fast-acting
relay for coil protection.
This procedure suffers from: (a) the need of a very sensitive quenching detector
with a high noise-rejection ratio, and (b) the presence of very high transient voltages,
since the shunt resistance must be large enough to allow a quick decay of the current
in the coil.
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d. Solenoid with a Secondary Damper Circuit
In this scheme,6 3 the solenoid circuit is inductively coupled with a secondary winding
as shown in Fig. 19. This secondary winding is provided with an external resistance
SUPERCONDUCTING SOLENOID- -SECONDARY COIL
INDUCTANCE LC INDUCTANCE LD
QUENCHING RESISTANCE RC RESISTANCE RI
b i i2
LOAD
rL I SECONDARY
RT LD I RD EXTERNAL
VARIABLE RESISTANCE
VOLTAGE P I
SOURCE 1
a c
THERMAL SWITCH L _ _ 
CRYOGENIC ENVIRONMENT
Fig. 19. Superconducting solenoid circuit diagram with inductively
coupled secondary winding for damping the energy outside
the cryogenic environment.
RD to dissipate the energy.
(i) Solution of the Circuit Equations
We have a set of two coupled differential equations
di 1 di2 RE2 E (67)
L 1 dt + M dt + (Rc(t)+RE) = VP R (67)
di 1 di
Mdt+ L2 dt + (RD+RI) i2 = 0, (68)
in which
M = g -LL2', (69)
where g < 1 is the coupling coefficient.
The exact solution of this system of differential equations would require expressing
Rc by Eq. 58 for the quenching propagation, and necessitate use of numerical methods.
We shall consider an approximate solution that will lead to some understanding of the
phenomenon.
Let us assume for Rc(t) an effective value, whose magnitude will be discussed below.
The circuit equations are then simple, and the complete solution for the current in each
circuit is
- m ex t + [mT- (1-m)Tl ] exp - (70)
i=imTb _ Ta 1m b exp( m
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1 (mT-7a)[T2-(1-m)T] Xt ex / ai i o xp 
2/ 2 g zT m Tb - a_ _ 1 _ _ _ _ _ __mb _a
(71)
Here, we define
L
_ I R RE (72)
L2T = (73)
2 RD + R I (73)
T = (1 -gZ ) (74)
a T1 + T2
Tb = T1 + T2 (75)
7
m=l+ 1 a (76)
2 4 Tb
where T1 and T2 are the time constants that are characteristic of each isolated circuit.
We are obviously interested in closely coupled circuits (g-1); it turns out that we
also desire T2 >> T1; hence, m - 1. Under these conditions, the current equations reduce
to
i o [g I exp -b T exp(-] (77)1 Tb b aXy ) 3 (77)
i 2 = i g [ t - exp ; (78)
R2 Tb T b a a
for g -1, T -, SO that the current in the primary circuit falls abruptly to the value
T1 z (79)
1 0T + TZ2
and affects very strongly the quenching propagation.
For these conditions, the energy depositions in the two circuits are calculated to be
( TM2 g 2 (80)
E1 =EM T1 + T2
T2 2
E = E T g, (81)
2 Mwhere1
where
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E = 1 -L i 2 (82)
is the total stored magnetic energy of the system. The equations show clearly the advan-
tage of a large time constant ratio, T2 /T1, and of close coupling on the effectiveness of
transferring energy from the primary to the secondary. The best way to achieve g - 1
is to have a bifilar winding.
The high time-constant ratio T2 /T 1 implies optimization of the electric parameters
of the secondary circuit, as will now be discussed.
(ii) Optimization of the Secondary External Resistance
We are interested in transferring maximum energy out of the cryogenic environment.
The internal resistance, RI , of the secondary coil allows only a part, E2D, of E 2 to be
dissipated externally. Since 2 = L2/(RI+RD), we have
E E RD + 1 (R +R (83)
ZD = EM RD + RI L2 (RDI
Equation 81 is maximized for
RD = R I / + 2R i (84)
(iii) Calculation of the Effective Resistance of the Superconducting Circuit
Equation 61, combined with Eq. 62 for the effective resistance, can be recast as
R = L3/4 A 1 /4 (85)
cE c q
Here, L is the superconducting coil inductance, and Aq is a coefficient that is charac-
teristic of the winding properties:
33Aq = 27Qq 3io (86)q o
It seems reasonable in the case of coupled circuits to assume that the inductance
used in the calculation should be proportional to the total stored magnetic energy; that
is, the effective inductance that appears in Eq. 83 should be
LcE = Lc the+ T2 g2j (87)
but, from the definition of T1 , we get
T2 T z(RcE+RE)
T1 + T2 L 1 + T2(RE+RE)(88)
Combining Eqs. 86-88, we can calculate the effective resistance which will give the
right energy transfer in the primary, and also satisfy the quenching propagation.
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Table 9. Quenching of a coil with a secondary damper winding.
Secondary Coil Data
Copper wire No. 24 - varnish insulated
Wire diameter
Resistivity at 4. 2°K
ID
Length
Turns
Resistance at 4. 2K
Inductance
Coupling coefficient
0. 020 inch
0. 26 ohm/1000 feet
13. 1 inch
1. 775 inches
1200
1. 10 ohm
0. 962 henry
0. 91
Performance Insulated Wire 0. 001" Cu Plating
External resistance RD
Effec. resistance RcE
Maximum voltage
Energy per weight Ew
Temperature max TWM
T 
T2
T
a
Tb= T1 +T 2
EI/EM
E 2D/E M
ohm
ohm
volt
j/g
°K
sec
sec
sec
sec
%1
4.
150.
2260.
16.
136.
0.
0.
0.
0.
35.
50.
00
5
0
2
0
0505
189
0071
2395
3
5
3. 00
55.5
831.0
0. 475
19. 0
0. 137
0. 234
0.0154
0.371
47. 8
39. 0
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Table 10. Quenching of a coil with a thin-walled cylindrical copper shield.
Shield Data
Resistivity copper at 4. 2°K
Thickness
Inductance coefficient G
Time constant 2
Coupling coefficient g
Performance
Effective resistance RcE
Maximum voltage
Maximum energy dependence EW
Temperature TwM
T1
T2
T
a
Tb = T + T2
E1/EM
Ez/EM
ohm
volt
j/gm
°K
sec
sec
sec
sec
%
1.6 X 108 ohmcm
0. 125 inch
0. 26
0. 460 second
0. 92
Regular
Insulation
119.5
1796. 0
14. 9
104. 0
0. 0636
0. 460
0. 0086
0. 5236
25. 5
74. 5
0. 001" Cu-clad
44. 6
670. 0
0. 434
18. 7
0. 170
0. 460
0. 0190
0. 630
38. 2
61. 8
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This can be written in the form
RcE T/7q/3 Ll[il+T R (-g2) + RcEA1/3 L2 (1-g 2 ) - R/ (L +T2RE)} /
(89)
which is convenient for an iterative solution, if it is assumed initially that RcE = 0 on
the right side.
e. Coil Protection with a Conducting Shield
Diffusion of the magnetic field is greatly impeded by a conducting shield. The time-
diffusion constant for a shield of thickness d is
s
0D d2 (90)
'D p S
If we consider, for instance, a shield made of a thin-walled cylinder, then it should
be considered as a coupled shorted secondary winding having a proper time constant TH
such that
1 od(1)T = dsDG, (91)H 4 p SC
where Dc is the diameter of cylinder, and G is the inductance coefficient. The previous
analysis then applies.
f. Results and Discussion
We show in Tables 9 and 10 the expected performance of the coil described in
Table 8, when it is protected either by a secondary winding or by a thin-wall cylindrical
shield. We compare the results of unplated and copper-plated Nb-Zr wire, insulated in
both cases.
Concerning the energy transfer, we can see that at most approximately 50 per cent
of the energy can be extracted with the unplated wire, compared with 39 per cent with
the copper-clad wire. The temperature rise is greatly reduced with the copper-plated
wire.
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V. MAGNETIC FIELD GENERATING SYSTEM
5. 1 INTRODUCTION
The electric and magnetic aspects of the design of the large-volume superconducting
solenoid will now be presented. First, the general circuit and the essential elements
(coils, thermal switches, power supplies) are described. Next, the expected field con-
figuration and its magnitude is calculated.
The currents produce stress in the winding and in the associated structures; when
they change - intentionally or unintentionally - additional transient stresses and ohmic
heating occur. These matters, plus transients produced during turn-on, will be treated.
5. 2 ELECTRICAL CIRCUIT AND PRINCIPAL COMPONENTS
a. Electrical Circuit
Refer to Fig. 20 for the details of the system. The three essential elements of each
circuit are: the assembly of magnetic field coils; the DC power supply; and the thermal
switch which allows the coil to be operated either from the power supply or as a closed
superconducting loop.
Actually, the solenoid is made from a stack of 24 coaxial coils spaced as shown in
Fig. 21. Symmetric pairs of coils are series-connected to independent power supplies,
except for the middle pair, which is energized separately. Therefore the solenoid as
AC- 115V -60- (REGULATED + o)
COIL POWER SUPPLY
Fig. 20. Electric-circuit diagram of a superconducting coil with
its power supply and switching circuit.
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Fig. 21. Solenoid LVSS-1 coil arrangement and electrical connection.
a whole is a set of 13 independent circuits, each with the three basic elements.
b. Coils
Each coil form (see Fig. 22) is made of copper because the coils are to be run dry,
and good thermal conductivity to the helium cooling pipes is required. The mechanical
design will be discussed in Section VI.
The winding arrangement is as follows. Successive turns of a row are laid in close
contact. A foil of mylar separates each row of turns, both to improve the regularity
of the turns and to increase the electric insulation between layers. Its thickness
(0. 010 inch, more than necessary for these tasks) is planned to reduce the space factor
of the coil to 22 per cent. It has been found empirically that reduced space factor
increases the quenching current of a solenoid; the reason for this effect is not entirely
clear at present, but may be related to partial flux exclusion in the superconducting
wire. Each layer of turns is set in a standard air-drying varnish that is used in the
coil-winding industry. It can be dissolved in toluene or benzene.
The superconducting winding wire is 75% niobium-25% zirconium, 0. 010-inch diam-
eter, produced by the Wah Chang Corporation, Albany, Oregon. Most of the coils (the
20 central) use copper-plated wire with a deposit thickness of 0. 0012 inch (the electro-
plating was done by the Summit Finishing Company, Thomaston, Connecticut). The four
other coils, two at each end of the solenoid, have unplated wire. All wire is insulated
with dielectric material; all but a part of the four external coils is insulated with fused
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Fig. 22. Coil and winding configuration of the LVSS-1 coils.
nylon, and the remainder with epoxy base resin. The insulation was put on by the
Bridgeport Insulating Wire Company, Bridgeport, Connecticut.
The average coil has approximately 4000 turns in 33 layers, a wire length of
12, 500 ft in 3 sections, and contains 3. 7 lb of 3 Nb-Zr. The two central coils and the
four externals are heavier. All winding specifications are given in Table 10.
c. Thermal Switches (Fig. 23)
This device, connected across the coil and the power supply, has two states of con-
ductivity. Below the critical temperature it is superconducting and has zero resistance;
above the critical temperature it has normal resistance, RT. A separate heater drives
the switch normal. The design procedure consists first of determining the necessary
value of RT, which then determines the length of superconducting wire to be used. Then
the thermal insulation thickness is chosen to minimize the heat losses while in the nor-
mal state.
The value of RT, as we shall see, must be large enough to keep the energy losses by
the thermal switch to a low value when the magnetic field is varied. An acceptable
resistance is RT = 30 ohms, made of 15 ft of 3 Nb-Zr, insulated but nonplated.
This wire is wound noninductively together with 7 ft of insulated resistance wire
(nichrome is satisfactory) on a small oblong brass form.
The thermal-switch winding is thermally insulated from the helium bath to minimize
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HEATER LEAD WIRES:
Fig. 23. Thermal switch with its clamped connectors.
the heat loss WT while in the normal state. From the heat conduction equa-
tion, we have
(Tc-T b)
WT= kTAT bT (92)
where kT, AT, and bT are the thermal conductivity, the area of contact with the liquid-
helium bath, and the thickness of the insulating wall, respectively; T c is the critical
temperature of the superconducting material, and Tb is the bath temperature. With k =
0. 0010 w/cm°K for bakelite insulation and a thickness of 0. 95 cm, we calculate a heat
loss of 0. 150 watt, which is in close agreement with the experimental value (0. 170 watt)
Fig. 24. Thermal switches and connector assembly.
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The magnitude of the switching-off time TT can be obtained from the heat-diffusion
equation, which gives
AT CTP 2T b (93)T T -c Tb kT bT
Here, AT is the temperature drop that brings the thermal switch back to the supercon-
ducting state. If AT= 1K, then with p = 1.00 g/cm3 , CT 0.030j/gm °K, we find TT
4. 3 seconds. This is in agreement with the measured values of 3-5 seconds.
The 13 switches are stacked together (Fig. 24), and the assembly is placed in liquid
helium.
d. Power Supply
Each power supply is a typical low-voltage rectified-AC current source as shown in
Fig. 20. The maximum power rating is approximately 400 watts (10 volt AC, and
40 amps). The internal resistance is approximately 0. 180 ohm; an additional series
load resistance of 0. 100 ohm then limits the short-circuit current to approximately
35 amperes.
The current is adjusted by a variable-voltage transformer, automatically driven by
a motor rotating at 1 rpm, so that the di/dt is approximately 0. 75 amp/sec. The DC
current is filtered with a C-L-C network which reduces the ripple to approximately
2 per cent at full load. It should be pointed out that the use of a thermal switch requires
that the ripple be reasonably low. The reason is that the AC component passes through
the low-impedance thermal switch, rather than through the high-inductance coil; if the
ripple is excessive, the switch cannot unquench. The line voltage to the power supplies
is regulated to +1%.
The 13 power supplies are remotely controlled from a central panel for efficiency
of operation. Each current is read approximately in a small meter and can be measured
precisely (0. 1%) by a calibrated meter shunt.
5.3 MAGNETIC FIELD OF THE SOLENOID
We shall now deal with the magnetic field capabilities of the solenoid and give the
expected field shape with various current arrangements. Details of the magnetic field
calculation and of the associated FORTRAN program are given in Appendix A.
a. General Features
The over-all capability of the solenoid can be approximated by homogenizing each
winding. We have an average of 79, 000 turns per meter, which gives a magnetic con-
stant ratio (MCR of just 1. 0 kilogauss per ampere in the long-solenoid approximation.
The maximum current that can be carried by the coils is much less certain; however,
the experiment performed with 3 coils 6 1 (also reported in Section VII) shows that max-
imum currents of 20-21 amps can be expected from coils made of copper-plated wire.
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Table 11. Specifications of the 24 coils of the large-volume
superconducting solenoid LVSS- 1.
SPECS CF THE COILS STARTING FROM THE LEFT COIL
COIL INSIDE DIAPE THICKNESS OUTSIDE DIAM. COIL LENGTH COIL SEPARAT ALPHA BETA COIL ID No. WIRE SECTIONS
I 11.4000 0.8088 13.0176 1.7750 0.1250 1.1419 0.1557 X-23 U 4
2 11.5620 0.9088 11.3796 1.7750 0.3750 1.1512 0.1535 X-O] U 2
3 11.4000 0.8003 13.0006 1.7750 0.1250 1.1404 0.1557 X-I1 P 3
4 11.4000 0.7950 12.9899 1.7750 0.3750 1.1395 0.1557 X-10 P 3
5 11.40C0 0.7846 12.9691 1.7750 0.1250 1.1376 0.1557 X-05 P 3
6 11.4000 0.8226 13.0451 1.7750 0.1750 1.1443 0.1557 X-12 P 3
7 11.4000 0.7928 12.9856 1.7750 0.1250 1.1391 0.1557 X-07 P 4
8 11.4000 0.8059 13.0117 1.7750 0.3750 1.1414 0.1557 X-09 P 4
9 11.4000 0.7570 12.9140 1. 770 0.1250 1.1328 0.1557 X-21 P 3
I0 11.4000 0.8003 13.0006 1.7750 0.3750 1.1404 0.1557 X-08 P 4
11 11.4000 0.7734 12.9469 1.7750 0.1250 1.1357 0.1557 X-06 P 4
12 11.4000 0.8857 13.1714 1.7750 1.2500 1.1554 0.1557 X-03 P 3
13 11.4000 0.9160 13.2319 1.7750 0.1250 1.1607 0.1557 X-04 P 3
14 11.4000 0.7974 12.9948 1.7750 0.3750 1.1399 0.1557 X-16 P 3
15 11.4000 0.7950 12.9899 1.7750 0.1250 1.1395 0.1557 X-13 P 3
16 11.4000 0.7674 12.9348 1.7750 0.3750 1.1346 0.1557 X-22 P 4
17 11.4000 0.7843 12.9686 1.7750 0.1250 1.1376 0.1557 X-14 P 3
18 11.4000 0.8034 13.0069 1.7750 0.3750 1.1410 0.1557 X-15 P 4
19 11.4000 0.7817 12.9633 1.7750 0.1250 1.1371 0.1557 X- 20 P 3
20 11.4000 0.8003 13.0006 1.7750 0.3750 1.1404 0.1557 X-17 P 2
21 11.40C0 0.8003 13.0006 1.7750 0.1250 1.1404 0.1557 X-18 P 3
22 11.4000 0.8003 13.0006 1.7750 0.3750 1.1404 0.1557 X-19 P 3
23 11.7400 0.6964 13.1329 1.7750 0.1250 1.1186 0.1512 X-02 U 4
24 11.4000 0.7959 12.9918 1.7750 0. 1.1396 0.1557 X-24 U 6
EQUIVALENT AVERAGEC TCTAL SOLENOIO
11.42C9 0.8031 13.0270 49.1000 0. 1.1406 4.2991
COIL WIRE CAM. TURN SPACE LAYER SPA SPACE FAC LAYERS TURN LA TURNS FT LB WIE LNG wIKE BRIG
1 0.0100 0.0125 0.0223 0.2818 36.27 142.00 5150.3 3400.0 16461.8 4.842
2 0.0100 0.0129 0.0273 0.2230 33.29 131.60 4580.6 3400.0 14955.0 4.399
19.13 3939 .5 3400 .0 12583.0 3.7013 0.0100 0.0149 0.0242 0.2178 33.07 1
0.000 .0148 0.0242 0.2193 32.85 119.93 3939.8 3400.0 12578.3 3.699
5 0.010 0 0.0146 0.0242 032.42 121.58 3941.5 3400.0 12572.9 3.6986 0.0100 0.15 6. 2 0 .2223 33.99 115.26 3917.7 3400.0 12536.C 3.687
7 0.0100 0.0149 0.0242 0.2078 32.76 117 0 0 00 0 0 4 0 0242 32 76 ~~119.13 3902 .6 3400 .0 12457.4 3.6041833 3940 .5 3400 .0 L2591.8 3.70381 0.0100 0.0150 0.0242 0.2164 33.30 118.335 39470 3400.0 1251. 3.736
9 0.0100 0.0147 0.0242 0.2208 31.28 120020
10 0.0100 0.0149 0.0242 0.2178 33.07 11913 3939.5 3400.0 12583.0 3.70I1.26 3939 .5 3400 .0 12555.2 3.603
11 0.0100 0.0144 0.0242 0.2254 31.96 121 0 06 3660 11.58 4449.7 3400.0 1431.9 4.209
12 0.0100 0.0146 0.0242 0.1223 6 29
13 0.0100 0.0151 0.0242 0.2149 37.85 11755 4449.3 3400.0 14345.8 4.21
14 0.0100 0.0149 0.0242 0.2178 32.95 119.13 3925.3 3400.0 12534.4 3.697
15 0.0100 0.0148 0.0242 0.2193 32.8 19.93 3939.8 3400.0 12578.3 3.69
16 0.0100 0.0149 0.0242 0.217 31 9.13 3777.5 3400.0 12033.0 3.539
17 0.0100 0.0146 0.0242 0.2223 32.41 121.58 3940 .3 3400 .0 12568a.8 3.69771.1 32.6 3400 .0 1254 .4 367
18 0.0100 0.0151 0.0242 0.2149 33.20 1.55 3902.8
11.58 3926.9 3400.0 12523.4 3.6831 0.0100 0.0149 0.0242 0.2178 33.07 19.13 3
21 0.0100 0.0149 0.0242 0.2178 33.07 119.13 3939.5 3400.0 12583.0 3.701
22 0.010 0 0.0149 0.0242 0.227 3 9.13 3939.5 3400.0 12583.0 3.70123O0.0100M0.0121 0.0223 . 911 31 146.69 4581.3 3400.0 14915.9 4.38723 O .OtO0 0.0121 0. 2I 19 31.20 41.31 39502.4 3400 .0 164445 4837
24 0.0100 0.0123 0.0223 0.2863 35.69 14
EQUIVALENT AVERAGEC TTAL SOLENOID
0.0100 0.0166 0.0241 0.2506 33.34 2963.94 98830.2 3400.0 316369.C 93.050
COIL HZ 0 H I MCR (KGIAMP) IND COP HENRY
I 0.14407 0.206823E-00 0.26724 13.01139
2 0.14115 0.1802IOE-00 0.26443 10.47524
3 0.14417 0.1530 0.26732 7.61571
4 0.1 4423 1.158379E.00 0.26733 7.61627
5 0.4434 0.158S74E-00 0.26735 7.62334
6 0.14392 0.1571.E00 0.26729 7.52985
7 0.,14425 4.569 12F 00 026734 7.47349
8 0.14411 0.018275-00 0.26731 7.6852
9 0.14465 0.15228121-00 0.26742 7.00 224
10 0.14417 .13500 0.26732 7.61511
11 0.1 4447 0.158632E-00 0.26737 7.61615
12 0.1 4323 0.1776361-00 0.26714 9.70812
13 01I4290 0.17721I1-00 0.26710 9.7049
14 0.14420 0.157766E-00 0.26733 7.56013
15 0.014423 0.158379100 0.26733 7.61627
16 0.14454 0.152181E-00 0.26740 7.00368
17 01I4435 0.158528E 00 0.26735 7.61865
18 0.14413 0.1567841-00 0.26732 7.47310
19 0.1 4438 0.1580238-00 0.2673.6 7.56720
2 0.14417 0.1583051-00 0.26732 7.61511
21 0.14417 0.158305E-00 0.26733 .6L51
22 0.14417 0.1583051-00 0.26732 7.61511
23 0.14143 0.180600100 0.26214 10.70980
24 0.14422 0.2070311-00 0.26727 13.01286
AW186G 0.97035 0.96629 0.99084 638.0117
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Somewhat lower current (15-16 amps) is expected for the coils of unplated wire. With
most of the coils made of plated wire, this would produce a magnetic field at the center
of the solenoid of almost 20 kilogauss.
The magnetic field at remote distances is that of a dipole. For example, at a remote
axial distance z from the midplane
CD
Hz - (94)
z
Equation 94 is valid for z > 8 feet, and C D = 9850 gauss-ft 3 for 20-amp wire current
throughout the solenoid.
b. Detailed Analysis
In reality, the solenoid is made of 24 nonidentical coils, each separated by a variable
gap. These differences arise from tolerances in the wire diameter and winding process,
as well as from the necessity of using most effectively the variable lengths of wire that
are on hand to match the amount of wire per coil.
The two center coils and the four outer coils are heavier, in order to compensate
20
15
n
(5
09
Jo
o 10
a:
U
z
E
5
COMPENSATED COIL-CURRENT
DISTRIBUTION
COMPENSATED COIL-CURRENT DISTRIBUTION:
COILS No. 1,2,23,24; 3,4,5,8,10,11,14,15,17,20,21,22;
CURRENT 15 20
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Fig. 25. Magnetic field plot of the axial field of
the LVSS-1 solenoid with constant and
compensated coil-current distributions.
60
-- -- --·-  ----
for a wider midplane gap, and to compensate for expected poorer current performance
in the outer coils (made of unplated wire).
The complete specifications of the coils are given in Table 11, which also describes
the characteristics of a unique solenoid equivalent to the set of coils. The magnetic con-
stant ratio (MCR) of each coil was measured (at low current) before assembly in the mag-
net, and was found to be within the error of measurements of the calculated values in
Table 11.
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Fig. 26. Double-cusp magnetic field for LVSS-1 solenoid.
The interconnection of the 24 coils with 13 independent current sources permits a
great variety of azimuthally symmetric fields to be generated, and a field-calculation
method has accordingly been developed.61 The field at any point is now given by 13 vec-
tor equations (see Eq. A-49). Solutions require machine computation, and were obtained
for various current configurations.
Figure 25 is a magnetic-field plot of the axial field in which we assume
either constant current in each coil or a compensated distribution to make the
field more uniform across the wider gap at the midplane. The detailed calcu-
lations indicate an on-axis field of approximately 18 kilogauss that extends approx-
imately 2 feet before dropping 3 per cent. Figures 26 and 27 show double-cusp
and multicusp arrangements; these will be useful in testing the assembly in the
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Fig. 27. Multicusp magnetic field plot for the LVSS-1 solenoid.
presence of nearby steel structures because the remote field is small.
5.4 MAGNETIC STRESSES AND MAGNETIC ENERGY FOR STEADY-
STATE CONDITIONS
a. Magnetic Stresses
The magnetic stresses developed in the windings are proportional to the equivalent
magnetic pressure
B 2
= 2, (95)PMI 2CLo
where B is the magnetic induction in w/m 2 . At 20 kilogauss, the magnetic pressure is
15.5 atm, or 230 psi.
The radial component P1 generates a bursting force that produces an azimuthal stress
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on the winding Sj. If we assume a homogeneous winding of thickness e w and space fac-
tor X, and all stresses taken by the superconducting wire, we have
D
S± = PI Ze (96)
w
D is the average coil diameter. Thus with D = 12. 2 in., ew = 0. 8 in. and X = 21.6 per
a a
cent, we calculate S1 = 8000 psi at 20 kilogauss. This is well below the tensile yield
stress of the Nb-Zr wire, which is =Z45, 000 psi3 0 ; no winding reinforcement seems
necessary. The very large Young's modulus, 17 X 106 psi12 of the Nb-Zr wire insures
that the winding deformation will be small. On the inner turns of the winding, the diam-
eter increase will be only 0. 0057 inch. This also implies that the plastic filling material
with a much smaller Young's modulus 7 4 will not be stressed excessively.
The axial magnetic pressure P will result in a compressive force FA:
FA = F Da (97)
The maximum value (20 amp throughout the solenoid) is 27, 000 lb. The axial compres-
sive stress is just half the value calculated from Eq. 96, under the assumption that the
same conditions hold; thus SA = 4000 psi. The axial stress tends to make the turns slide
toward the midplane. This motion is effectively prevented by the tight winding, interlayer
separation, and filling with varnish. The coil forms that support the integrated force
also experience this compression. Their construction of copper with a thickness of
0. 125 inch will permit a field of 40 kilogauss without exceeding the copper tensile
strength 24, 000 psi at 4. 2 K. 7 4
The proximity of another magnet or of ferromagnetic material will result in body
forces and torques on the solenoid; however, the l/r 3 dependence of the field causes a
negligible interaction farther than 8 ft away from the windings. Even within 5 ft, a steel
I beam of 6 in. X 6 ft will produce force and torque in the range of a few pounds
or lbs-ft.
b. Energy
The magnetic energy density is numerically equal to the magnetic pressure (Eq. 95).
It is 1. 590 kilojoules per liter at 20 kilogauss. With an active volume of approximately
95 liters (3. 38 ft 3 ), the total energy is approximately 150 kilojoules. A more exact cal-
culation is based on the inductance of the total solenoid, which is 638 henries (Table 11).
At 20 amp (our supposed limiting current), the energy would be 128 kilojoules.
This energy must be dissipated as heat if the solenoid quenches. The internal energy
difference of the 24 coils alone between 4. 2°K and 300°K is 7900 kilojoules. We see that
an ample heat sink exists about the energy, even if the coil quenches quite nonuniformly.
The heat capacity is low at low temperature; therefore, with a uniform quench, the tem-
perature rise will be -40°K.
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5.5 TRANSIENT BEHAVIOR
a. Quenching Process
In its transient behavior, the solenoid is a complicated system of mutually coupled
circuits. There are 13 independent superconducting coil circuits, 24 coil forms, two
cylindrical walls of the helium-piping system, two copper liquid-nitrogen shields, and
the stainless-steel vacuum walls, plus other closed metallic loops of a more minor
nature.
It appears that the quenching transmission rate will be greatly decreased compared
with that of a single coil. In order to see the sequence of events, let us suppose that
quenching starts in one of the coils. The change of current in it induces secondary cur-
rents in the coil form and other closed loops, and also in the neighboring superconducting
coils. If these coils did not themselves quench as a result of the increased cur-
rent, the outcome would be easy to visualize: each coil current adjusts to main-
tain the flux threading it, and the perturbation dies out a few coil distances away.
At the position of the quenched coil, the field is reduced, and the magnetic energy
is dissipated as ohmic loss in the quenched coil wire and in the shorted turns of
the copper form, etc.
The coupling coefficient of the coil form and the coil itself is approximately 90 per
cent; the magnetic diffusion time for the coil form and the cylindrical copper walls taken
together is 1-2 seconds. Therefore the readjustment is slow, and most of the energy
(-80%) appears in the structural copper rather than in the coil wire itself. We envisage,
then, something like 1 kilojoule deposited in the coil itself, and a very small tempera-
ture rise for it. Note also that the heavy copper circuits will force the magnetic energy
to dissipate rather uniformly throughout the region of the quenched coil.
The temperature of the coil form will nevertheless rise well above the critical tem-
perature of the wire. Therefore it is likely that the adjacent coils will quench also; the
process then proceeds throughout the entire solenoid. This process will take a very long
time: if adjacent coils quench by heating, the thermal diffusion time constant to the wire
dominates. More likely, the adjacent coils will quench because of excess current. In
the last case, the magnetic diffusion time between nearby (but not necessarily adjacent)
coils will dominate. As we have seen, this time is already 1-2 seconds, so a general
quenching time in excess of 10 seconds is expected. Again, nearly all of the energy
appears in the copper-coil forms and the cylindrical copper walls. As seen in Table 10,
a temperature rise 20°K for copper-plated wire coils, and 100°K for unplated wire
coils, may be obtained.
The long time constant for field collapse compares very favorably with the short
magnetic diffusion time constants of the thin metallic radiation shields (0. 0001 to
0. 001 sec). Thus the stresses and energy deposition in them will be small. The
stainless-steel vacuum walls also have short magnetic diffusion times, and have little
effect upon the quenching process.
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b. Losses During Normal Energizing
The L-R time constant of the superconducting circuit plus power supply is much
larger than any of the other time constants of the circuit. With a power-supply output
resistance of 0. 280 ohm, we have T = 25 seconds for a single coil, and in fact much more
for the whole solenoid together. Therefore little current will be induced in the copper-
coil form and copper walls, and the energy losses in these circuits should be small. The
effect on the cooling process will be discussed in Section VI.
The energy losses in the thermal switches while the current is raised in the coils
can be calculated by solving the proper circuit equation. The energy is
Lc gt
E E c_(98)TS MG R T Tp
where gt is a coefficient that depends on the way in which and the speed at which the cur-
rent is raised. Its magnitude is approximately unity in practical cases. Tp is the cur-
rent rise time. In our case T = 30 seconds, Lc 7. 5 henry. With RT = 30 ohms, the
energy losses in the thermal switch will be approximately 1 per cent of the magnetic
energy. The total thermal switch losses will therefore amount to a few kilojoules at
most. This temporary heating is well within the thermal capability of the switches, and
is almost entirely dissipated during the current rise time.
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VI. CRYOGENIC SYSTEM
6. 1 INTRODUCTION
Operation of a superconducting magnet (at T < 10. 40 K for Nb-Zr)requires an efficient
cryogenic system. A closed-cycle refrigeration loop would be suitable, particularly for
large systems. On the other hand, free evaporation of liquid helium is a relatively simple
and well-known technique, and is the one that is used here.
Regarding the requirement of efficiency, a perfect Carnot cycle would use 71 watts
of power to pump to 300°K 1 watt of heat loss at 4. 2°K. In practice, approximately
300 watts might be required. Also, 1 watt of heat loss vaporizes 1. 36 liters per hour of
liquid helium. Therefore the heat losses of the magnet vessel must be kept to the order
of a few watts. This degree of insulation virtually demands the use of a vacuum-jacketed
system, that is, a dewar system.
We shall describe the dewar designed for the large-volume superconducting solenoid
LVSS- 1. We shall treat various heat-loss processes, residual-gas conduction, thermal
radiation, conduction through the mechanical supports, and the electric connectors. Next,
we proceed to an investigation of the transient heat transfer, in particular, to the cooling-
down and quenching. We shall discuss some of the mechanical problems encountered and
solutions adopted. Finally, we shall give a short account of the cryogenic process control.
6.2 DESCRIPTION OF THE DEWAR AND THE COOLING SYSTEM
a. Dewar
Figure 28 gives a very informative view of the dewar; Fig. 29 is a photograph of the
device.
Externally the dewar appears as a vacuum-tight cylindrical vessel made of stainless
steel and horizontally disposed. The vessel is double walled in order to provide room
temperature access to the high magnetic field region. A high, massive stack protrudes
from the horizontal vessel. The stack is extended sidewise by a long insulated tube that
is the helium-gas exhaust and also an entrance pipe for the electric leads coming from
the power-supply system. Thermal conduction down these electric leads is largely
eliminated by the counterflowing helium exhaust.
The cutaway (Fig. 28) shows a series of interior cylindrical walls between the magnet
vessel proper (at 4. 2 °K) and the external vacuum walls. Their purpose is to reduce the
thermal radiation transfer. The magnets themselves are bounded by two cylindrical cop-
per walls cooled to 4. 2°K by liquid helium circulating in small copper tubes directly
soldered to these walls. This entire structure is rigidly maintained in position by a
strong stainless-steel cage surrounding the outside copper wall.
The magnet vessel has no direct connection with the external walls of the dewar, but
is hung in place by a long re-entrant stack bolted on the magnet cage and sealed to the
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Fig. 28. Isometric cutaway of the dewar.
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top of the vertical external stack. This magnet-support stack provides helium exhaust.
The electric leads proceeding toward the magnet follow the exhaust tube and the
re-entrant stack, reach the thermal switches assembly, and then go to the coils.
b. Cooling System (Fig. 30)
The coils are not immersed in a liquid-helium bath, but are cooled by conduction.
Racks of copper tubes are soldered on to the inside and outside walls of the magnet
vessel, which are of 0. F. H. C. (oxygen-free high-conductivity) copper. Liquid helium
EN
E
SOLENOID VESSEL INTERMEDIARY LIQUID
HELIUM DEWAR
Fig. 30. Schematic view of the cooling system.
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Table 12. Technical data of the cooling system.
Tubing, One-fourth inch copper:
inside diameter
outside diameter
open cross section
Magnet Vessel:
Inner wall:
12 turns on diameter
length
wetted area
Outer wall:
26 turns on diameter
length
wetted area
Cooling down coil:
6 turns on diameter
length
wetted area
Liquid-Nitrogen Shield:
Inner cylinder:
longitudinally
wetted area
Outer cylinder:
6 turns on diameter
length
wetted area
70
0. 457 cm
0. 635 cm
0. 164 cm2
28. 0
1050. 0
1500. 0
38. 2
3120. 0
4500. 0
38. 2
720. 0
1035. 0
cm
cm
2
cm
cm
cm
2
cm
cm
cm
2
cm
269. 0 cm
2384.0 cm
56.
1050.
1500.
0 cm
0 cm
0 cm2
circulates through the tubes -by thermal-siphon effect. The denser liquid arriving from
the thermal switch chamber is distributed to each rack by a manifold at its bottom. At
the top another manifold collects the lighter liquid and brings it back to the thermal-
switch chamber where the helium vapor escapes to the exhaust tube.
Since thermal-siphon boiling allows only very limited temperature differences, a
separate coil is provided for the cooling-down operation. For this purpose, a separate
copper tubing is coiled and soldered on the outer wall of the magnet vessel. Liquid
nitrogen or helium can be forced into this tubing.
The liquid-nitrogen shield (also 0. F. H. C. copper) is also cooled by conduction, by
using forced circulation of nitrogen into copper tubing soldered on the shield.
The technical data of the cooling system are given in Table 12.
6.3 STEADY-STATE HEAT TRANSFER
The three main heat-loss processes are those of the dewar: residual gas-energy
transfer, thermal radiation, and conduction. The conduction can be complicated with
simultaneous heat transfer to the cold gas escaping the dewar. All of these processes
are reviewed in the next sections.
a. Residual Gas Heat Transfer7 9'8 0
Gas kinetic theory predicts that the heat transfer between two walls at temperature
Th and Tc (Th>Tc) is proportional to the pressure if the molecular mean-free path well
exceeds the wall separation, and saturates at a constant value if the mean-free path is
much shorter than the separation. The low-pressure regime (Knudsen flow) must be
reached to achieve the desired low thermal loss.
The rate of Knudsen heat transfer is given by the following equation 8:
y+1 p
WG = 2.426X 10-4 S a T T (Th-Tc), (99)
m
where WG is expressed in watts, S is the cold surface area cm2, p is the pressure in
microns of mercury, M is the molecular weight, y is the ratio of the specific heats, Tm
is the relevant temperature of the pressure gauge, and aT is an average accommodation
coefficient that characterizes the probability that a molecule bouncing off the walls
accommodates its leaving energy to the wall temperature. This coefficient is calculated
as
aT [a S ahl (100)
C·[e"ah J .
Sc/S h is the wall-area ratio, and a c and ah are the accommodation coefficients proper
to each wall, and depends upon the wall temperature, the surface condition and the gas
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Table 13. Heat transfer by residual gas and thermal radiation.
Helium
W *WG
aT p
Air
W *WG
aT p
Radiation
ET WR
Liquid Helium
Inner side
Outer side
Lateral side
Stack
Liquid Nitrogen
Inner side
Outer side
Lateral side
Stack
1. 13 0. 36
1. 65 0. 49
0. 28 0. 48
0.39 0.53
0. 96 0. 20
2.30 0.22
0. 39 0. 20
1. 57 0. 22
9. 6
20. 8
3. 3
5. 0
38. 7
11.8
31.0
4. 8
20. 6
68. 2
1.0 14.0
1.0 20.3
1.0 3.5
1.0 4.8
42. 6
0.79 16.7
0. 84 42. 6
0.88 7.6
0.83 28. 6
95. 5
*WG/p in watt/10- 3 mm Hg
tWatt
critical temperature. Typical values of a c and ah are 0. 6-0.7.
Calculations of residual gas-heat losses Wg for the LVSS-1-dewar have been done by
assuming helium or air as the two most likely gases to be present in the dewar. The
results are shown in Table 13 and are briefly discussed here.
1. Helium Background
The rate of heat transfer is
WG, He = 38 7 PHe watts/micron,
when the helium pressure is measured at 20°C. In case of helium leakage, the vacuum
system must be maintained in the 10-5 mm Hg range or better to have heat loss of less
than one watt.
2. Air Background
Cryopumping will occur on the walls of the magnet vessel when maintained at 4.2 °K.
Pumping velocity calculated by the gas kinetic theory 7 9 appears to be of the order of
2 X 10 5/sec, under the assumption that the air molecule is at 77.4°K. Such pumping speed
insures that the residual air pressure and the consequent heat loss will be negligible.
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Location Area m2
.0066
.0087
.0089
.0185
.0257
.0086
.0125
.0085
.0152
.0292
.0051
.0145
.0640
10. 7
8. 2
2. 0
5. 5
26. 4
(101)
-
On the other hand, cryopumping brings in a new kind of heat transfer because of the
condensation and freezing of the air molecules on the cold wall. We have
WGC = 5.38 X 10- 8 2A UC' (102)
where WGC is in watts for a leak rate, Y'A in micron-liter per second, and UC is the
condensation energy in joules per mole (9020 for air).
Equation 102 shows that an air-leak rate of 1000 }l[/sec is still acceptable, and unless
some catastrophic air leak develops, the air-heat losses will be negligible.
Considering that we have a mechanical seal immersed in liquid helium (on the
thermal-switch chamber) and numerous soldered joints, a helium leak is most likely to
occur. Therefore the magnet is built with a permanent pumping system: a 2. 00-inch
115 [/sec oil-diffusion pump (CVC model PMC-115) backed by a mechanical forepump
(Kinney, KC-46). The mechanical pump is located far from the magnet to be out of the
magnetic field, and a long (30 ft) 3. 00-inch pipe connects the 2 units. The large fore-
pump is necessary for initial pump-down in a reasonable time, especially during the
many assembly tests.
With this pumping system, the maximum admissible helium leak rate is 0. 5 Blf/sec,
limited principally by the oil-diffusion pump.
b. Thermal-Radiation Heat Transfer 8 0
The governing relation is the well-known Stefan-Boltzmann equation
WR= -ETSC(Th -T 4 ) (103)
2
where ET is the total emissivity coefficient, SC is the cold surface area cm , and =
5. 67 X 10- 1 2 W/cm2(°K) is the Stefan-Boltzmann constant.
For the dewar, the relevant transfer rates are: with ET = 1.0, 2.03 X 10 - 4 W/cmZ
between liquid helium cooled wall (4. 2°K) and liquid nitrogen cooled shield (77. 4°K); and
with 4. 15 X 10 - 2 W/cm 2 between the last shield and room temperature wall (20°C). Con-
2
sidering the surface area (3. 5 and 5. 7 m , respectively), we see that low-emissivity
surfaces are necessary to meet the goal of less than one watt heat loss from the 4. 2°K
system.
The total emissivity coefficient ET characterizes - in the same sense that aT did -
the reflectivity of the surface. This depends on the surface conditions and the tempera-
ture. If we assume "grey body" surface emissivity (wavelength independent) and diffuse
reflectivity - conditions that are satisfactory enough for engineering calculations - the
total emissivity coefficient ET is
S S )] (104)E + -9- - 1 . (104)
c m h
73
__I I 
Here, we have a floating radiation shield of emissivity Em and surface area Sm,
placed between the cold and the hot walls of emissivity E c and Eh, respectively. Polished
high-purity metals have very low emissivity coefficients, in the range of a few per cent.
The magnet vessel and the liquid-nitrogen shield are made of O.F.H.C.,well-polished
copper (E=0. 04). The exposed surface of the external vessel and inner tube of stainless
steel are also well-polished (E=0. 07). In addition, at the inner vacuum wall, floating
radiation shields made of specular polished aluminum (S1100) (E=0. 02) are inserted to
decrease still more the ET of the surfaces.
Results of the calculation, given in Table 13, indicate that the thermal radiation heat
losses are small - both for the magnet assembly at 4. 2ZK (0. 1 watt) and for the liquid-
nitrogen shield (22 watts).
c. Conduction Heat Transfer with Counterflow Gas Cooling
(i) Simple Conduction
The heat losses We for a laterally insulated rod are
S
Wc = kw (T -T) (105)
Sw is the wall cross section, b the length, and T2 , T 1 the hot and cold temperatures. In
the cryogenic temperature range the heat conductivity coefficient kw may vary substan-
tially (stainless steel), and kw should be interpreted as an average value.
kw 1 T §2 kw(T) dT. (106)
w T2 - T 1 T1 w
(ii) Conduction with Counterflow Gas Cooling
Heat losses by conduction can be minimized by using the cooling power of the counter-
flowing exhaust gas. For a long wall or wire leading from the liquid-bath temperature
T1 to the external temperature T2 and vented sidewise by a cold stream of gas, the heat
equation is
T h a
w ww (TwTg (107)
az 2Z kwSw w g
Here, hw is the heat-transfer coefficient between the wall at temperature Tw and the gas
at Tg; the perimeter exposed to the gas is aw. / P I
For a wire carrying current, the joule heating introduces a new term S on
w w
the left side of Eq. 107. Here, w is the resistivity of the wire material.
The energy balance provides a supplementary equation:
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g g
h a(T-Tg)-W 
www g gh az (108)
WT is the heat loss in the liquid bath, Xg the heat of varporization, and Cg is the specific
heat of the gas.
With all the parameters constant, the equations are easily solved. With Tw(O) =
Tg(0) = T1 (the liquid-bath temperature) and Tw(b) = T 2 (the wall or wire external tem-
perature), we have
Tw() = T1 + (T-T) z +- + a 4[a21 2 exp )- a2 2 exp z - (P +P
(109)
Tg(z)= T + (T2-T 1 ) a2 z + a4
Here, z is the normalized distance z = .
h a1 w w b 2
1 kwSw
w w
C
g b
a2 WT k Sg ww
I2 2
ww b
ww (T2-T 1)
I
w
P2
exp + P2 exp(- )- (P+ 2 P } (110)
The parameters (all dimensionless) are:
(111)
(112)
(113)
is the current in amperes carried by the wire of resistivity w ohm cm, and 1 and
are the normalized characteristic lengths.
2=1 a+2 L 1+
=,- .1
-1
(114)
and a 4 is determined by the hot-temperature boundary T 2 .
a 4 a3 a3 ) 2 [P1exp, ) P2 exp - ( +P
The heat loss from the wall into the bath is
w Tw z=
c w b z=o'
(115)
(116)
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which is conveniently written
S
W = kw b ( T -T 1 ) KE (117)
KE is dimensionless and represents the reduction in heat loss brought about by the gas
co oling.
Solving for KE from Eq. 109, we obtain
/( a~~~~r~~3 2 2 -1
2 ( a l eCx 3 + exp - 1 (118)
E a2 , +2 a1 Pi + P2 Pa
(iii) Application to Particular Cases
No Current (a 3 =0)
If a2 > 1,
C g S
W >k w (119)WT A. > kw bg
which physically means a large cooling capacity compared with the normal conduction;
then the equation is simplified. We have
P1 ~ 2i (120)
1
and the efficiency is approximately
KE = a csch (NI). (121)
If, in addition, we have Ni > 1, that is,1
S
hwawb > kw b (122)
w w w b
meaning an effective gas cooling compared with the normal conduction loss, Eq. 121
reduces to
K = N exp(-a. (123)
Owing to the exponential factor, KE becomes very small if the wall length b substan-
tially exceeds the characteristic length b/a 1 .
For practical calculation, we must realize that the helium loss term WT in Eq. 112,
which gives a 2 , means that the total losses include those of the wall itself. Therefore
we have
WT = WI + WC, (124)
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where WI is the conductive independent losses: the radiation and the residual gas losses.
For design calculation, an iteration procedure may be necessary if WI - WC.
Finite Current (a 3 >0)
If a3 is large, Eq. 109 shows that a physical solution is possible only if T 2 > TZM,
where
TZM = T 1 + (T 2-T 1 ) a+ a (125)
T2M is the wire temperature attributable to joule heating, taking into account the gas
cooling. Therefore design must provide for a safe operating temperature TaM.
With T2 = T2M as boundary condition, the cooling coefficient KE becomes
a3K E = a (126)
a2
from which the heat loss Wc is calculated:
c
g
WC is independent of the wire cross section. Physically, the result arises because ohmic
heating decreases, and heat conduction increases as the wire size increases; the effects
cancel in the limit of a 3 large. On the other hand, with no current, the loss is propor-
tional to the cross section. Therefore, according to these considerations,the wire cross
section must be chosen as small as possible, consistent with a safe temperature rise
T2M. The matter is not so simple; the parameters (especially the wire resistivity) are
temperature-dependent, as will be mentioned in a subsequent section.
(iv) Calculation of the Heat-Transfer Coefficient hw (watt/cm2°K)
The Reynolds Number of the cooling gas can be written
WT 4.0
Re= a (128)
where ng is the gas viscosity in poise. For steady-state heat losses we have Re < 2100,
so that the flow is laminar.
The heat transfer can be calculated 8 1 with the equation
hw = 1.5 kg ( Gz0 (129)
where kg is the gas thermal conductivity, SF the flow cross section, and Gz is the
Graetz Number
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WTCg
Gz k b' (130)
g g
For the helium gas the heat conductivity is well represented 2 8 in all of the cryogenic
range by
k = 2.3 X 10 - 5 T0. 742 (131)
g g
so that finally we have for hw
0.4
h = 1 6 X 10o 6 T0 55 6 (aw) (132)
(v) Discussion and Results
The derivation of sections c-2 assumes constant values of heat-transfer coefficients,
thermal and electric conductivities, and so forth. This is not the case. As seen from
Eq. 131, the heat-transfer coefficient of helium increases with the temperature. For
the solid materials, the heat conductivity of stainless steel74 and the electrical resis-
tivity of copper 4 ' are strongly temperature-dependent. The heat conductivity of cop-
per is somewhat more constant. 7 4 ' 8 3 Taking into account these nonlinear dependences
would require numerical solution of the differential equations. One important amelio-
rating fact is that a 1' which leads to the characteristic length b1 , is given by the ratio
hw/kw; thus partial cancellation of the temperature effect occurs, particularly for stain-
less steel.
In spite of these deficiencies, the method should be somewhat more accurate than that
of considering either perfect heat exchange with the cooling gas, 84 or no exchange. 8 5
The results of the calculations for the mechanical and electrical connections are
shown in Table 14. It appears that the normal conduction losses are -0. 6 W without gas
cooling (W c for stainless steel plus copper). With gas cooling, the conduction losses are
negligible, provided that the helium flow equals or exceeds the flow caused by 1 watt of
evaporation power (radiation and residual gas conduction). The conduction loss is
-0. 5 watt with current flowing. Certainly, the design is very conservative, and some
relaxation in the design could be tolerated according to this calculation.
6.4 TRANSIENT HEAT TRANSFER
We consider here three different transient processes in which energy has to be
transferred: cooling down, coil quenching, and magnetic field change.
a. Cooling-Down Process
Optimization of this process consists in making best use of the cooling capacity of the
cryogenic fluids. As seen from Table 15, this is most important for the helium with a
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Table 14. Heat transfer by conduction through the supports and electric connectors.
4. 2°KT 1
T.
Length (b)
Length (b)
77. 4°K
100. 0 cm
Stainless-Steel Re-entrant Tubing
Diameter (6. 0")
Fins
Wetted perimeter a w
Stainless steel cross section
Helium gas cross section
k
w
Wc (normal conduction)
Wc (gas-cooled wall)
Copper Leads (26 No. 20 + 22 No. 30)
Total copper cross section
Wetted perimeter
k
p (at 40. 6K)
15. 2 cm
4 X 5. 5 cm
92. 0 cm
10. 8 cm2
182. 0 cm 2
0. 0436 w/cm °K
0. 334 watt
0. 0
0. 0634 cm 2
5.42 cm
4.0 w(cm °K)
4.25 X 10 - 8 ohm cm
We conduction (I=0)
Wc gas-cooled (I=0)
Wc no cooling (I=20 amp)
Wc gas-cooled (I=20 amp)
0. 187 w
0.0 w
22.1 w
0.5 w
sensible heat much larger than the heat of vaporization.
(i) Cooling Rate
This process is governed by an energy balance equation
dT
QL[XL+Cg(Tg-T1 )] = MsCs dt ' (133)
where QL is the mass transfer rate, L and Cg are the latent heat of vaporization and
the specific heat of the cooling agent, M s and C s are the mass and specific heat of the
cooled material, Tg is the final temperature of the gas, and T 1 is the liquid tempera-
ture. The equation is supplemented by the heat-transfer rate equation. Because the
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Table 15. Liquid helium cooling efficiency.
X (o) 100. 0 80.0 50.0 0
mL (%) 9.0 10.6 16.0 100.0
MHelium(%/kg) 0. 244 0. 296 0. 435 2. 72
initial cryogenic fluid is a saturated liquid, the heat-transfer rate, particularly for helium,
will be limited by the film boiling heat flux HL, which is temperature-independent.7185
Therefore we can write
QLXL = HLawbL (134)
where bL is the length of the channel containing liquid, and aw is the wetted perimeter.
For the remaining length of the channel bg, the cold gas transfers heat according to the
rate
QLCg(TT1 )h a bg(Ts- <Tg>). (135)
<T > is an effective temperature for gas heat transfer. Let us assume a linear temper-
g
ature rise
T +Tg 1
<T > = (136)g 2
from which we calculate a heat-transfer efficiency defined as
T - Tg 1
T T (137)
s 1
1 QLCgHL 1-1
= + . (138)
(HLawb-QL L ) hg
At low temperature the specific heat of the solid materials varies strongly with
temperature. The relationship depends on the temperature range considered; it is
-(T3+aT) below 20°K, becoming progressively constant at high temperature. A linear
approximation in the range 4. 2-77°K will be sufficient for our purpose; thus
C s = (Ts-T ). (139)
By using Eqs. 139 and 138, the energy rate equation 133 is integrated as
MG =M -C(T X In 1 + (T-T 1 ) (140)MG s Cg Cg(Tz T 1 )g~~~~~~
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where MG is the amount of liquefied gas necessary to do the cooling from the initial
temperature T 2 of the solid to the temperature of the liquid T 1 . The amount MG can
instructively be compared with the maximum amount MG of liquid required, by using
latent heat of vaporization alone
* X S!(T _2 (141)MG = -- L (T 2 -T 1
M
The ratio = mG
MG
mG= L - L n + (T-T (142)
G Cg(T2Z-T 1 ) Cg(T2-T 1 )L
is the relative amount of cooling fluid required. mG measures the cooling efficiency in
terms of the heat-transfer efficiency ,, the temperature difference T 2 - T 1, and the
physical constants of the cooling agent.
Using liquid helium to cool between liquid-nitrogen temperature (77. 4°K) and 4. 2°K
and a material with a typical enthalpy difference of 7 j/gr, we obtain the results listed
in Table 15.
An efficient transfer reduces by a factor of 10 the amount of helium that would be
required by using only the heat of vaporization. The heat-transfer efficiency ,, Eq. 138,
is increased when the liquid mass flow rate QG is decreased and the heat transfer area
awb and the gas-heat transfer coefficient hG are increased.
The gas-heat transfer coefficient, under the assumption of turbulent flow, Re > 2100
is calculated as
hG 0. 023 kG R 8h k A-R 0e (143)G- 4 GA e
where
4QLR -IG (144)
e awlG
(ii) Temperature Drop by Conduction Cooling
The heat is transmitted by diffusion
80 ks a (145)
at = Csp s y2'
where ps is density of the material.
For a constant cooling-down rate v0 (°K/sec), the space temperature distribution is
parabolic, with a temperature difference A0, at a distance be from the cooling-down line
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given by
v 0 C sPs 22d = b. (146)
Now by energy conservation, we have
[XL+Cg(Tg-T1 )]
vO=QL[ M(TgC s(147)
Therefore by combining, we obtain
QL P 2Q= [XL+Cg(Tg-T )] b (148)
Here we assume a homogeneous medium. In the case of heterogeneous medium, a proper
averaging must be done. Thus the heat-diffusion term of Eq. 145 becomes
I (CsPsXi) X ( ) (149)
i i
where xi is the volumetric proportion of each species of the medium.
A situation of interest appears for several media in series. Then Eq. 146 must apply
to each medium and the temperature drops added correspondingly.
The results of the calculation for the liquid-helium cooling-down with an assumed
rate of transfer of 18 2/h are shown in Table 16; their meaning is discussed here.
The temperature drop in 4. On" (10 cm) of copper is negligible: 0. 2°K at 77°K down
to 0. 05 K at 4. 2 . This is a good indication of the efficiency of the conduction cooling
in the LVSS- 1 solenoid; 4. 00 inches corresponds to the extreme distance away from a
cooling line.
In the winding itself, the temperature drop is bigger, 10°K at 77°K and still 5°K
at 4. 2°K, owing to the large thermal independence of the insulation. Reduced transfer
rate of the order of a few liters per hour seems to be preferable. It should be pointed
out that this temperature drop introduces a new inefficiency in the utilization of the
cooling power of the liquid helium. This reduces further the value of , given
by Eq. 138.
(iii) Cooling-Down of the LVSS- 1 Magnet
Relevant data on the cooling agents, structural materials, and magnet part weights
are given in Table 17. Figures 31 and 32 show the variation of enthalpy with tempera-
ture for selected substances.
To bring the magnet from room temperature down to liquid-nitrogen temperature
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Table 16. Transient temperature drop during cooling.
(a) Calculation of Cooling-Down Rate
Temperature ( ° K)
77
Copper shield and coil forms
Stainless-steel cage
Niobium-Zirconium 25%
Plastic insulation
Total
AH helium (kj/k)
v °K/sec (at 18 2/h rate)
Weight (kg)
117
55
42
15
229
24. 55
13. 01
6. 75
7. 65
51. 96
50. 8
0. 0049
10
Enthalpy Change (kj/° K)
0. 1009
0. 0274
0. 0976
0. 4200
0. 6459
6. 42
0. 050
0.0117
0. 0033
0. 0105
0. 0420
0. 0675
2. 58
0. 225
3 Nb-Zr
Cu plating
Insulation
(Cp/k) average
for copper
(b) Calculation of the Diffusion
Volume (%)
0.216
0. 033
0. 751
sec/cm2
sec/cm2
Rate for the Winding
Heat Conductivity (W/OK cm)
0. 156
4. 0
0. 0016
390
0. 451
0.
4.
0.
28.
0.
0066
000
0007
7
00193
0. 0024
4. 0000
0. 00045
4.73
0.000224
(c) Temperature Drop
he 10-cm copper
A0 2. 25-cm winding
(d) Liquid-Nitrogen Shield
Magnet shield
Stack
Total
Weight (kg)
50. 5
21. 6
kj/°K at 77'K
38. 50
16. 50
55. 00
83
4. 2
0. 220
9. 7
0. 010
7. 2
0. 015
5. 4
--II I
oK
oK
requires -125 liters of nitrogen. To go still further to 4. 2, 1650 kilojoules have to be
removed. This corresponds to 640 liters of liquid helium, not using any sensible heat.
With a cooling coil of 1000 cm of heat transfer, a maximum heat-flux rate of 500 watts
is possible before upsetting the nucleate boiling, or approximately 700 liters of helium
Table 17. Cooling-down data.
Range (K) 293-77 77-4. 2
Cooling Agent
Helium - heat of vaporization j/g 20. 6
(125 gm/L) kj/f 2. 58
sensible heat j/g 1114. 0 386. 3
kj/k 139. 2 48. 2
Nitrogen - heat of vaporization j/g 200. 0
(810 g/2) kj/ 162.0
sensible heat j/g 243. 0
kj/k 197. 0
Structural Material
Copper j/g 74. 0 6. 0
Stainless steel j/g 85.0 8.0
Niobium-Zirconium 25% j/g 52. 0 5. 0
Plastic (rubber type) j/g 276. 0 20. 0
Weight kg kj kj
Magnet vessel (copper) 55 4060 330
Cage (stainless steel) 40 3400 320
Coil form (copper) 62 4590 372
Superconducting Magnet (Nb-Zr 25%) 42 2200 210
Plastic insulation and filling 15 4150 300
Thermal switches chamber (S. S.) 15 1300 120
Total 229 19, 700 1652
*Calculated assuming Debye model.
per hour. A more reasonable flow rate of 18 liters per hour leaves, therefore, a large
part of the coil for gas cooling. We calculate from Eq. 143 h G = 0. 045 w/cm2 sec and
the heat transfer efficiency of , of 90 per cent. Taking into account the nonnegligible
temperature drop in the winding, a smaller heat-transfer efficiency, I z 80 per cent, is
more probable. This cooling coefficient mL is therefore just about 10 per cent and the
amount of liquid helium required must be 68 liters, if no other spurious process occurs
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Fig. 31. Enthalpy of the structural materials of the superconducting
solenoid as a function of temperature.
b. Quenching of the Coils
As we have seen, the electric transient time for the quenching is of the order of a
second. The large amount of energy dissipated (150 kJ = 7500 grams of liquid helium)
results in a quick temperature rise of the magnet. The boiling-off of the liquid helium
will be then film-limited, 1, 8 1 so that we have
H
Q=S L (150)Qq = SQ L, (150)
where SQ is the available heat-transfer area. The heat-flux coefficient HL can be taken
at its maximum 3. 6 w/cm 2 71 The resulting pressure drop Ap of the exhausted gas is
2
2 q dI
P1 P2d +=dZ sg dz (151)
Fg
85
__I _II _ _
300
200
E
-Jo
Z 100
NATURAL RUBBER 
BUNA S
POLYFTHYLFNF t
0 100 200 300
TEMPERATURE K
Fig. 32. Enthalpy of the plastic material as a function of temperature.
Here, d and d2 are the gas density (g/cm 3), DE , SF, b are the exhaust channel
equivalent diameter, cross section, and channel length, respectively. The quantity g =
981 cm/sec2; f is the Fanning friction factor. Assuming turbulent flow RE > 2100, we
have
f = 0.046 R -0.2 (152)
e
where
4 Qq
R e - _ (153)De g
For the expansion term we can write
dl P T2
2 -P T1 (154)2 P2 T1
Application to the quenching in the LVSS-1 magnet with SC 6000 cm 2 gives a
quenching mass flow rate of 1050 g/sec of helium, which in the 15.0-cm diameter exhaust
stack will produce a Ap of 1 kg/cm2 or 15 psi. This is a safe pressure; moreover, the
amount of liquid helium in the copper tubing is only 100 g. We can expect that (once the
liquid is vaporized) the effective cooling area SQ will be drastically reduced, owing to
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virtual cessation of the normal flow circulation: the thermal siphon effect is effective
only at small heat flux.
If the coils were immersed in liquid helium with only the external coil surface in
contact with the helium, we find a maximum flow rate of 2700 g/sec and a Ap of 8 kg/cm 2
(120 psi). These values are maximum and will be effectively reduced by decreasing the
liquid-helium inventory in the magnet vessel. These numbers point out the advantage of
conduction cooling of the magnet, as used, over direct immersion cooling, although safe
design seems possible in that case.
c. Magnetic Field Change
As we have seen, the energy dissipated as heat during the magnetic field transient
is only a small fraction of the field energy, 1%. Moreover, the rate of change is small.
Let us consider a full increase in the field 0-18 kilogauss in 60 seconds for the entire
magnet. The energy dissipated will be 1. 5 kJ, and will produce a heat flux of 25 watts.
Convection boiling, which is the basic process of the thermal siphon heat transfer,
is typically 0. 020 w cm K 1. 86Considering the actual heat transfer area, 6000 cm2
the helium interface temperature drop will be 0. Z2K. Another temperature drop
appears in the conduction wall, since the heat is generated here. During the process
of cooling down, no temperature drop exists in the winding, since it always stays in
the superconducting state. The wall temperature drop can be estimated according to our
derivation in section 6. 4.
Since 25 watts corresponds to a flow rate of 35 liters of helium per hour, the wall
A8 is about twice the value indicated in Table 16, that is, 0. 010°K. The limiting cur-
rent in the coils should not be affected by these small perturbations.
6.5 MECHANICAL DESIGN
We examine briefly a few important mechanical problems inherent to large-volume
superconducting solenoids: support of the magnet vessel, thermal contraction, seals
and gaskets, and assembly.
a. Support of the Magnet Vessel
(i) General Considerations
The two contradictory requirements of adequate support and minimum heat loss are
stated by the stress and heat conduction equations:
M
S -s (155)
r
c
S
W kcKE bc(TZT) d(156)
c
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Combined these give
K E k
W = M c (T2_ T ).
c s b o 1cc
Here, M s is the magnet weight, kc, c are the thermal conductivity and the maximum
working stresses of the support material, respectively. The
between the temperatures T 2 and T1; the cross section is Sc ,
Table 18. Maximum working stress, thermal conductivity,
contraction of structural materials.
support has length be
and KE is the cooling
and linear thermal
T 2 -T 1 (°K)
293-77
77-4. 2
or g/cm (X10
k (W/cm °K)
o/k (X10 -5 )
AL/L (X 105 )
ort g/cm2 (X10- 5 )
k (W/cm K)
r/k (X10- 5 )
AL/L (X10 5 )
Nylon
6. 7
0. 002
3350
1320
19. 7
0. 0016
12,300
131
Stainless
Steel**
26. 8
0. 125
214.0
292. 0
35. 3
0. 0376
964. 0
12. 0
*Tensile strength at 293°K from R. B. Scott. 7 4
tAverage value over the range.
SAt 77° K, from Scott. 89
**Type 347 or 304.
efficiency of the support (Eqs. 118, 121 or 123).
This equation shows clearly the criteria for low heat loss for a given weight and
temperature difference: KE small, well-cooled support, high c/kc material and slender
supports. In Table 18 we compare the four structural materials, nylon, stainless steel,
brass and copper. The best is nylon, followed by the others in the order given, and the
a-/k modulus changes by an order of magnitude between successive materials.
The solution adopted for the LVSS-1 magnet was to have a single well-cooled
support, as seen in section 6. 4. The tensile stress that is due to the weight is only
300 psi, small compared with the working limit (50, 000) of the stainless steel used in
the construction.
88
(157)
Yellow
Brass
14. 1
0. 600
23. 4
365. 0
19. 0
0. 250
76. 0
32. 0
Copper
3. 5
4. 0
0. 86
316
8. 5
4. 0
2. 12
23. 0
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(ii) Stability
The use of a slender support leads to some mechanical instability, particularly
bending and torsion. In this respect, several supports well spaced are preferred to a
single one.
We analyze here the case of a single support that is the solution adopted for the
LVSS-1 magnet. The support column is assumed to be rigidly fixed at the top; this
approximation is only moderately correct, but will give good semiquantitative estimates.
(a) Bending. A force, FA, directed along the axis of the magnet produces an axial
displacement of the magnet eA. Theory of elasticity leads to the equation for eA:
FAb3
eA = 3E J (158)
ET is Young's modulus, and JB is the bending moment of inertia of the support of length
b e . The corresponding oscillation period is therefore
3 1/2
cTA [ 3Eg is 981 cm/sec2 or 387 in./sec2 using psi and inches.The support undergoes bending stress o-B which is maximum for the extreme fiberat distance a from the neutral fiber:FAbcac
TB JB * (160)B
Let us consider, for instance, F A = 20 lbs which is the kind of force that can arise by
interaction of the magnetic field of the solenoid with a structural I beam of the building.
We calculate a deformation of 0. 027 inch and a stress of 915 psi, also well below the
limit of the stainless steel. The period of oscillation is 0.25 seconds.
(b) Torsion. A horizontal force FT applied on the end plane of the magnet produces
torsion, so that the magnet rotates by an angle
e T
M = b. (161)
Here, eT is the displacement of the extremity of a magnet whose length is b M . We cal-
culate eT as
e T M c (1 6 )
eT = 4ET (162)
E s is the shearing modulus of the material, and JT is the torsional moment of the
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support. The oscillation period is
= 2 g E ; (163)
JG is the moment of inertia of the magnet (lb in2)
The maximum shear stress in the support is
FRbM a T
= RMT (164)s 2ZJT
For the same 20-lb force as before, we have eT = 0. 014 in., rT = 242 psi, and the period
TT = 0. 12 sec.
Although the displacements calculated are not negligible, their values are tolerable.
(c) Thermal contraction. During cooling, the support contracts, and provision must
be made for the effect.
As seen in Table 18, the thermal contraction of metals and alloys is approximately
0. 3 per cent between room temperature and liquid-nitrogen temperature, and only
0. 01-0. 03 per cent more down to liquid-helium temperature. For plastic materials like
nylon, the contraction is much larger, respectively, 1. 3% and 0. 13% for the same tem-
Lperature changes. For calculation of the support contraction, an average value of L
must be used, since the temperature varies along the length.
In the LVSS- 1 solenoid, the magnet vessel is free and because of the contraction of
its support, will move up by 0. 278 inch when cooled to 4. 2 K, if we assume that the top
of the stack is at 77°K. A clearance is allowed accordingly.
(d) Seals and Gaskets. The residual gas thermal conduction, as seen in section 6. 4,
imposes severe conditions for the helium pressure ( 10 5 mm Hg) and much more
relaxed conditions on the air pressure. Thus some seals must be helium tight when
cycled between 300 ° and 4. 2°K. These seals must be demountable, particularly on a
horizontal magnet of the kind described here. Double gasketed seals, with intermediary
pumping out, as used currently in bubble chambers,80 appear to be a good solution.
We describe here two types of gaskets currently mounted on the LVSS-1 magnet.
Although their performance on the solenoid cannot be absolutely answered at this time,
an experimental investigation with test seals shows complete tightness, even after
repeated cycling between liquid-nitrogen temperature and hot-water temperature.
(i) Crushed Seal
The principle is illustrated in Fig. 33. The disc made of very soft (hydrogen-fired)
copper is crushed by tightening of the two flanges. The copper flows between the tapered
surfaces, filling all irregularities. Silicone grease covering the disc adds to the tight-
ness. Since the thermal contractions of the copper and the stainless steel are very sim-
ilar (Table 18), the joint stays tight at all temperatures that are of concern.
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SC GASKET
Fig. 33. Crushed-gasket seal for soft copper disc.
(ii) Aluminum O-Ring
Soft aluminum wire of 0. 081-inch diameter is made in an O-ring by butt-welding.
One of the flanges has a groove 0. 062 inch deep and 0. 187 inch wide, although tests with
ungrooved flanges proved successful. In both cases, a new gasket is used at each
resealing.
b. Construction
The dewar was made in the Machine Shop of the Research Laboratory of Electronics,
M. I. T.; specialized items were subcontracted.
The dewar system can be divided into the following elements:
1. Vacuum vessel. This is made of 7 separate units, all of Type 304 stainless steel;
the central section, the two side sections, the two end plates, the inner cylinder, and
the stack. They are assembled by standard bolted flanges and neoprene O-rings for the
vacuum seals; thicknesses are, cylindrical walls, 0. 125 inch, and end plate, 0. 750 inch.
Buckling of the end plate under vacuum is controlled by stop rings welded to the inner
cylinder. Separate leak tests of the vacuum vessel show a leak rate of approximately
3 Lf/sec, and acceptable value for air in the system.
2. Nitrogen shield. There are four parts: the outer two half-cylinders with their
end discs, the inner cylinder, and the stack. The material is O.F.H.C. copper,
0. 0625 inch thick, electrolytically polished. Copper tubing for liquid nitrogen is soft-
soldered to each part; at assembly time the four sections are fastened together, and the
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liquid-nitrogen lines are joined by soft-soldering.
3. Floating radiation shields. These are made of cylinders or discs of 0. 040-inch
thick specular-polish aluminum (ALCOA No. 1100-H18). They are spaced and thermally
insulated from the other walls by protruding 1/8-inch diameter nylon studs distributed
over the area (-l/ft2 ).
4. Magnet vessel. The entire structure is split at the midplane. Each section is
composed of the copper inner and outer cylindrical walls, seven heat-conducting copper
discs inserted between the walls (one every two coils), and the supporting stainless-steel
cage. The cooling tubes soldered to the walls were helium leak tested before assembly.
5. Thermal-Switches chamber. This structure supports the magnet, and contains
the thermal switches and vacuum feed-throughs for the entire magnet. Also, its interior
forms the reservoir of liquid helium for the thermo-syphon magnet cooling.
Four legs welded to its bottom support the magnet's weight. Nine short stainless-
steel tubes brazed to its bottom serve as inlets and outlets to the liquid-helium cooling
pipes. On the side, as seen in Fig. 34b, there are 32 electrical lead-through terminals
that allow the passage of superconducting wires from the thermal-switches assembly
inside the chamber to the superconducting coils in the vacuum. Special terminals with
nonmagnetic tinned stainless-steel flange and lead-through were prepared by the
Ceramaseal Company, New Lebanon Center, New York. The terminals are soft-soldered
to the chamber wall. Special niobium-zirconium wire with thick copper plating
(0. 003 inch), made by the Westinghouse Company, Blairsville, Pennsylvania, is inserted
into the terminal and soft-soldered to the lead-through.
The chamber with its lead-through was extensively tested for leaks while undergoing
repeated cycles between liquid nitrogen and hot water. The few lead-throughs that were
rejected all exhibited visible faults of the ceramic-to-metal joint.
6. Inner re-entrant stack. This is made of 0. 043-inch thick stainless steel. Four
stainless-steel angles (1. 00 in. X 1. 187 in.) are welded to it.
7. Upper stack unit. This unit supports the inner stack and therefore the weight of
the magnet vessel. Also, this unit connects the inner and outer stacks by a soft-soldered
joint in a peripheral slot. The joint is made at assembly time.
8. Head stack unit. Its purpose is to connect the previous unit to the helium exhaust
line. A bursting membrane set at 30 psi is placed on a side tubing welded onto this unit.
9. Exhaust line. This is a 6-ft long, 3. 00-inch diameter pipe attached to the stack
side, as seen in Fig. 29. A multi-pin pressure-tight electrical connector is placed on
its lower flange.
10. Coil forms. The material is O. F. H. C. copper; the sides are riveted to the
I. D. cylinder for each coil form.
c. Assembly
The assembly proceeds in the following order (see Fig. 34).
1. The superconducting coils and the copper discs are mounted into the magnet vessel.
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(a)
(b)
(c) (d)
Fig. 34. Sequential pictures of the solenoid assembly. (a) Magnet is slid into
the vacuum vessel central unit. (b) Thermal-switches assembly
mounted. (c) Inner stack undergoing leak tests. (d) Liquid-nitrogen
shield mounted.
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2. The electrical junctions of the coil windings are made with the S-S connectors
placed on the magnet vessel wall, as shown in Fig. 34a. The magnetic constant ratio
of each coil has been measured at low current as a check on the electrical character-
istics.
3. The magnet vessel is slid into the central unit of the vacuum vessel, as shown
in Fig. 34a.
4. The thermal-switches chamber is assembled on the magnet vessel (Fig. 34b).
The cooling lines of the magnet are soft-soldered to the inlet and outlet tubes. The lead-
through wires are connected to the plus (+) and minus (-) connectors of the coils.
5. The crushed seal is assembled and the re-entrant stack is bolted to the thermal-
switches chamber (Fig. 34c).
An extensive leak testing of the helium-filled system was made at this stage of the
assembly. A leak rate of approximately 6 i/sec was observed, but on account of out-
gassing, its meaning was not clear. No definite leak spots were located under helium
leak detection.
6. The liquid-nitrogen stack is put in position, and the upper stack unit is
assembled to the inner stack by means of an aluminum O-ring gasket.
7. The outer stack is lowered into position and bolted to the vacuum vessel central
unit. The split flange, which mechanically connects the inner and outer stacks, is
mounted. The magnet vessel will now stand by itself. The input helium line through
the vacuum wall is connected to the precooling pipe.
8. The complete nitrogen shield is assembled, and the interior liquid-nitrogen lines
are completed. This stage is shown in Fig. 34d.
9. The vacuum vessel sides are bolted in place; the output liquid-nitrogen line is
completed.
10. One end plate is bolted in place, and the inner vacuum wall is inserted down the
axis; the second end plate is bolted. A leak testing was again performed at this stage.
11. The exhaust line is mounted and thermally insulated with foamed plastic sheet
or tubing (Armstrong Cork Company, Lancaster, Pennsylvania).
12. The vacuum pumping system is completed.
6.6 CRYOGENIC PROCESS CONTROL
The principal parameters to be monitored are the residual gas pressure, the tem-
perature, and the liquid-helium level. All of the instrumentation is placed more than
10 ft from the solenoid to avoid interaction with the magnetic field.
(a) Residual gas pressure. This is monitored by several Pirani gauges for the upper
pressure range (p > 3 pu Hg), and by one thermionic ionization gauge for the lower pres-
sure range (p < 1 ' Hg).
(b) Temperature. Iron-Constantan thermocouples covering the upper temperature
range (>20°K), and carbon resistors for the lower temperature range (<40'K), are used
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in combination. Additional temperature information is obtained by resistance measure-
ment of a copper winding and of the superconducting windings.
The three thermocouples are located on: the magnet vessel outer wall; the thermal
switches assembly; and the liquid-nitrogen shield.
One of the six carbon resistors (1/2 watt, 68 ohms, IRC) measures the temperature
of the magnet vessel. The other five carbon resistors are used also as liquid helium
level detectors, as described below.
(c) Liquid-helium level detector. Five carbon resistors (1/2 watt, 68 ohms at room
temperature) are arranged along the inner stack. The lowest is on the thermal-switches
assembly, and the four others are 4 inches apart, starting 6 inches above the thermal-
switches assembly. The liquid-helium level is detected by the small variation of resist-
ance when the helium changes phase. A Wheatstone's bridge provides adequate
sensitivity, and also permits the direct measurement of the resistance (that is, the
temperature itself).
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VII. EXPERIMENTAL RESULTS
We discuss here only partial results that have been obtained thus far. They cover
the separate tests of three coils of the solenoid, and a preliminary and incomplete
cooling down.8 6
7.1 SEPARATE TEST OF THREE COILS
a. Experiment
This investigation was carried out in a vertical 14. 0-inch diameter dewar. [This
was performed at AVCO-Everett Research Laboratory for which we are greatly in-
debted.] The coils, hung from the head flange, are immersed in liquid helium. The
performance of various types of windings was investigated in order to choose the best
design for the 21 remaining coils.
The coil X-1 is made of close-packed, unplated, insulated Nb-Zr wire. Coil X-2 has
a bifilar winding, one of the wires being enameled copper and the other unplated insulated
Nb-Zr. The X-3 coil is made with copper-plated and insulated Nb-Zr wire, which has
been described. Detailed specification of these three are given in Table 19.
The performances of the individual coils and of the three coils working together were
investigated. We show in Table 20 the observed quenching current and the calculated
Table 19. Specifications and quenching current of the three test coils.
Space Factor (%) Turns Inductance Iqamp
Number of
Quenchings
1.74 22.0
4.40 18.0
10.47 16.0
3. 51
1. 70
8.81
9. 70
17. 0
17. 0
15. 0
21.5
Winding specifications:
Length of each winding:
X-1: unplated wire
X-2 (a): the inner winding
X-3: copper-plated wire
1. 775 inches
only is bifilar
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in.
X 1
inner
outer
total
X2 (a)
inner
outer
total
X3
11.56
12. 58
11. 56
11. 39
12. 70
11.39
11.39
31.7
30. 9
31. 2
17.8
30. 5
20. 4
22. 5
1841
2740
4581
2580
1661
4241
4449
46
10
57
8
10
10
10
magnetic fields at the center of each coil and at the inner edge of the coil where the
field strength is maximum. The central field was measured and found to agree within
experimental error with the calculated value.
Table 20. Magnetic performance of the three test coils.
CoilsCoordinate
M. Z.i M
0. 0
0. 0
0. 0 T
0. 5
2. 0
Individual Coil
Iq (amp)
MCR (kg/amp)
H (kg)
MCR
H
3 coils$
Iq
MCR
H
MCR
H
MCR(z)
MCR(r)
HZ
H
X 1
16. 0
0. 182
2. 91
0. 557
8. 91
9. 5
0. 158
1.50
0. 142
1.34
0. 058
0. 073
0. 55
0. 69
Xz
15. 0
0. 168
2. 52
0. 533
8. 00
8.4
0. 168
1.41
0. 165
1. 39
0. 104
0. 153
0. 87
1. 29
X3 Total
21. 5
0. 177
3. 80
0. 566
12. 15
18. 0
0. 150
2. 70
0. 165
2. 99
0. 564
5. 61
5. 72
0. 45
10. 11
0. 81
11. 53
1. 17
r
*Center of coordinate, center of each coil.
TCenter of coordinate, X2 center. Distance between X 1 -Xz: 0. 125"; X 2 -X 3: 0. 375 inch.
Total energy, 4150 joules.
**
1570 joules.
b. Discussion of the Results
1. Current-Carrying Capacity
The copper-clad wire has a capacity of 35% above that of the unclad wire. The bifi-
lar coil, which has a closely packed superconducting winding, a secondary copper
winding, and low space factor, behaves identically with the close-packed unclad wire
winding.
The data for the three coils together show that the copper-clad wire coil suffers very
97
0. 0
5. 695
0. 0
0. 0
5. 695
----- -
little current degradation when operated in the presence of the field of the other nearby
coils. The unclad wire coil undergoes z50% current degradation. We found, moreover,
that quenching always started in the unclad wire coil (mainly in X-2 centrally located).
The quenching is subsequently communicated to the X-3 coil because its individual cur-
rent capacity is then exceeded.
2. Magnetic Field and Magnetic Energy
As can be seen in Table 20, the highest value of the magnetic field attained is about
the same, either for the X-3 coil alone (12.1 kG) or the three-coil system (11.6 kG).
Actually, the magnetic energy is much larger in the second case: 1570 and 4150 joules,
respectively.
The stability of the frozen field with the thermal switches described in section 5. 1
used was found to be excellent. No measurable decay was observed in a 1-hour test.
3. Training Effect
This effect mentioned by various authors 7 ' was not observed - at least in this
sense: There is no improvement of the individual coil's current-carrying capacity under
repeated quenching or current cycling. For the three-coil system, because of the inter-
action of the individual magnetic fields and the different quenching characteristic of each
coil, the quenching depends in part upon the energizing procedure. The trial-and-error
optimization of this energizing results in a continual improvement of the total field. It
seems preferable to separate this type of collective training from the individual coil
training.
4. Quenching Process
Quenching was investigated mainly with the unplated wire coil, X-1. An oscilloscope
recording of the current decay is shown in Fig. 35a.
The current decay rate, taken at its maximum k(- = according to Eq. 60, is
(dt, T (165)
where T is the time constant given by Eq. 61. Using the parameters of Tables 6 and 7,
we calculate T c = 0. 0286 sec, and since iM o1 (d)M = 350 amp/sec. The meas-
ured value is much higher, =1200. 0 amp/sec. We have, however, a multiple coupled
circuit arrangement with a thick coil form (T=O. 460 sec) and a secondary copper winding
(T=0. 050 sec). From our previous discussion (section 4. 4), it is clear that the copper
coil form with a very long time constant will play an important role in the energy depo-
sition process. The inductance to be used for the calculation of T should therefore be
the effective value given by Eq. 87. With coupling of 92 per cent (measured), we recal-
culate Tc = 0. 0164 sec which gives (-d-)M = 980 amp/sec, which is in much closer
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agreement with the measured value. The quenched resistance of the coil is -16 ohms,
which indicates that only 26 feet of wire went normal. The maximum calculated volt-
age is 160 volts, and the wire maximum temperature is only 20°K; both are safe
values.
Fig. 35. Quenching transient in a solenoid of unclad,
(a) insulated Nb-Zr (25%), 0.010-inch diame-
ter wire. (a) Current decay in the solenoid
and voltage pulse in a secondary circuit.
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cally coupled superconducting coils. Cur-
rent transient in the last quenched coil and
voltage pulse in a secondary circuit.
(b)
The energy deposition, calculated by Eqs. 80 and 81, by using the proper time con-
stant (T1 =0. 110 sec, T2=0. 460 sec) is 66 per cent in the copper form and 34 per cent in
the winding. The secondary coil, because of its small time constant, has little effect
on the process, as indeed the oscilloscope recording shows. The integrated energy
deposited there is less than 2 per cent of the total magnetic field energy.
Figure 35b illustrates the sequential quenching process in independent, but magnetically
coupled, superconducting circuits. We record the current in the winding that quenches
latest; the other oscilloscope trace is a secondary copper coil coupled with the two cir-
cuits to measure d/dt. When the first winding quenches, the current increases on the
second one, initially at a fast rate, then more slowly. Then after a 0. 260-sec delay,
which is long in respect to quenching propagation, the second winding quenches. It is
not clear whether the second quenching is due to over-driving above its normal quenching
current or to a temperature propagation. Excess current seems the more plausible
explanation, considering the currents recorded. This delayed-quenching propagation,
which is most interesting for the safety of the large solenoid, was discussed in section 4.3.
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5. Coil Deterioration under Quenching
Repeated quenching of X-1 and X-3 coils revealed no deterioration of the performance.
This is to be expected according to our calculation of the maximum temperature rise of
the wire during quenching. In the case of the X-2 coil, which deteriorated progressively
after few quenches, and which was later unwound, the wire was found to be kinked. Prob-
ably the wire was partially fractured at this point and thus presented high resistance,
large local-energy deposition, and high temperature rise which progressively destroyed
the wire. The coil was rewound without the secondary bifilar copper winding for use in
final assembly of the LVSS-1 magnet.
7.2 TEST OF THE DEWAR
Two different temperature cyclings were performed with the following results:
1. Vacuum
The steady-state value is around 2 X 10- 5 mm Hg which corresponds to a leak rate
of 1. 0 iL2/sec. It seems, however, that some momentary leak appears when large
temperature gradients arise in the cooling system.
2. Liquid-Nitrogen Cooling
The process is quite satisfactory, but proceeds at a somewhat slower rate than
expected. At 77°K, the heat-leak rate seems low. The recorded temperature rise of
the magnet vessel at 77 0 K, cooling nitrogen cutoff, is approximately 10°K per day,
giving a heat loss of -5 watt. Considering that this is essentially thermal-radiation heat
transfer, the effective emissivity of the magnet vessel appears to be ~0. 003.
3. Liquid-Helium Cooling
The minimum temperature recorded was 15°K limited by, it seems, a thermal short
between the nitrogen shield and the magnet vessel. This spurious heat loss is estimated
to be 25 watts, a value that precludes any operation at liquid-helium temperature. The
probable cause is an uneven distortion of the inner stack, which bends the magnet vessel
to one side. In disassembly, the magnet itself was found to have shifted, and it appears
that the magnet's inner diameter would have touched the inner nitrogen shield. A simple
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modification in which more clearance is given to the magnet movement is now under
way.
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VIII. CONCLUSION
The work of developing and completing the large-volume superconducting solenoid
LVSS-1 is still not finished. Its basic object, however, which was to show the feasibil-
ity of it and to display the technical problems that must be solved, has certainly been
attained. We shall discuss the principal problems encountered. As will be seen, many
of the solutions adopted seem to be adequate, and this, of itself, is an achievement.
Work on large-volume superconducting solenoids in other laboratories has been
actively stimulated by our open and published development efforts. Some of these efforts
will probably surpass our results, but we should not feel disappointed about that. A
number of improvements over the original idea have been incorporated in the final con-
struction of the LVSS-1 solenoid. Thus, construction has partly served its purpose
already, by suggesting many different ways of doing the job.
Certainly, the present construction will be obsolescent before it really runs, which
in some ways is actually a good sign. The present design with all of its foreseeable
insufficiency should work adequately with the modifications that are now under way.
We shall now discuss the principal problems encountered in the chosen design, and
suggest, as the real conclusion of our effort, what we believe is a better concept and
design for large-volume superconducting solenoids.
1. Superconducting materials. The niobium-zirconium 25 per cent is adequate for
the purpose. The use of copper-plated wire is most fortunate, greatly improving the
current-carrying capacity and reducing the quenching hazards in the winding.
2. Electric connections of the superconducting circuit. The mechanical clamps that
were used are adequate both for the S-N and S-S types of connections. The system reli-
ability would be somewhat further improved by monitoring each contact resistance.
3. Thermal switch. The present device fulfills its requirements: low power loss
in the normal state, and reasonable switching time.
4. Coil-winding technique. Use of intralayer mylar foils and filling varnish com-
pounds seems to be a good design practice.
5. General concept of the winding. Splitting in smaller coils is the appropriate solu-
tion in terms of both winding construction and coil safety; however, secondary damper
winding will improve still more the safety of the system and also save liquid helium
during quenching. Note that use of a damper winding precludes the use of highly conduc-
tive coil-form material, such as copper or aluminum. Stainless steel seems adequate,
but then the immersion of the coil in a liquid helium bath is imposed upon us.
6. Cooling of the coils. The conduction cooling adapted in LVSS-1 should be appro-
priate, but direct immersion is recommended: (a) because partly, as we have seen,
efficient damper coils can then be used; (b) to improve the cooling down; (c) to ease the
liquid-helium vacuum tightness problem by limiting the number of joints; and (d) to sim-
plify the magnet-vessel construction and assembly. Strict conditions are imposed, how-
ever, on the design of the liquid-helium circulation scheme to conserve both efficient
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cooling-down and limited overpressure during quenching.
7. Thermal-radiation insulation. The arrangement used in LVSS-1 (polished alu-
minum floating shield between well-polished surfaces) seems to be adequate.
8. Vacuum tightness. Although single gaskets with crushed copper discs seem suf-
ficient, the use of double gasket seals with intermediary pumping out would be recom-
mended for all of the mechanical seals on liquid helium.
9. Mechanical support. The single support of the LVSS-1, which is gas-cooled, pro-
vides insignificant heat loss, but barely satisfactory stability. Several slender supports
are recommended, preferably non gas-cooled, to simplify assembly.
10. Electrical-connection heat loss. The gas cooling adopted in the LVSS-1 system
is very adequate. Somewhat shorter stacks are advocated to ease the mounting.
11. Dewar general concept. The assembly and connection of the coils in the LVSS-I
system was long and tedious. Much improvement would result if we used coils provided
with their interconnections and thermal switches and assembled together in a structural
supporting cage that can be easily rolled or slid into the magnet vessel. The coil(s) can
then be tested separately without having to touch again the superconducting circuit, and
eventually be changed very rapidly.
12. The liquid nitrogen shield is adequately cooled by conduction, but a reservoir
of liquid nitrogen incorporated into the shield would permit the magnet to operate with-
out a continuous liquid-nitrogen circulation and thus ease the operation procedure.
On the following pages a Fortran program is reproduced.
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M2079-756,FMSRESULT3,3, 56000,0 MAGN. FIELD CALC.- L. DONADIEU
* XEQ
C THIS THE MAIN PROGRAM ONLY INPUT AND OUTPUT
* LIST8
* SYMBOL TABLE
* LABEL
CMUCUR4 FIELD OF A MULTI COILS SOLENOID AND OR CURRENT FOR A GIVEN H
DIMENSION DIW(30), TWI(30), DOW(30), COILE(30), COISEP(30), DWIR
X(30), SPTUR(30), SPLAY(30), SPAFA(30), ANLAY(30), TURLAY(30),
2TURN(30), FTLB(30), WILEN(30), WEIG(30), ALPHA(30), BETA(30),
3CURAT(5,30), RC(100), ZC(100), HRCO(5,100), HZCO(5,100), HTCO(5,
4100),AMP(4), HR(5,4,100), HZ(5,4,100), HT(5,4,100),TETA(5,100),
5COICO(30),AMPC(5,30,4),ZCOIL(30),HRCOCO(30,100),HZCOCO(30,100)
6,RABBI(30), CMCR(30), COIND(30), HENR(30),HGIVEN(30), NCP(30),
7 ICP(30), HCA(30,30), BA(30,1), DA(30),SPARE(20)
COMMON DIW, TWI, DOW, COILE, COISEP, DWIR, SPTUR, SPLAY, SPAFA,
1ANLAY, TURLAY, TURN, FTLB, WILEN, WEIG, ALPHA, BETA, CURAT, HRCO,
2HTCO, AMP, RC, ZC, HR, HZ, HT, TETA, PI, CMEIN, CMU, TCOILE, TWIRL
3,TWEIG, TOTURN,AVSPA, AVNLAY,AVTWIN, AVDIW,AVDOW,AVALP, AVBE,
4AVSPTU, COINDU,HENRY,NCOIL,NCURAT,NAMP,NPOSI,NSLI,
5NLEFT,ZCENT,COICOAMPC,AVWIR,AVTULA ,HZCO,AVSPLA,AVFTLB ,
6HRCOCO,HZCOCO,ZCOILRABtI,CMCRCOIND,HENR,RABBAVCMCRAVHGIVEN,
7NCPMA,NCHOIX,NCUSET,NCP,iCP,KK,HCA,BA,DA,SPARE
1 READ INPUT TAPE 4,51,NCHOIX,NCOIL, NCURAT,NAMP,NPOSI, NSLI,NMATRI,
XNLEFT,ZCENT, (AMP(K),K=1,4)
51 FORMAT(8I5,F10.4/4F10.3)
IF(NCHOIX) 10,10,11
C ONLY WHEN FIELD-INVERSION IS DESIRED
11 READ INPUT TAPE 4,12,NCPMA , NCUSET
12 FORMAT (2110)
READ INPUT TAPE 4,14, (ICP(N),N=1,NCOIL)
READ INPUT TAPE 4,14 , (NCP(I),I=1,NCPMA)
14 FORMAT (1415 )
READ INPUT TAPE 4,15, (HGIVEN(N),N=1,NCPMA)
15 FORMAT (7F10.5)
10 CONTINUE
DO 2 N=1,NCOIL
2 READ INPUT TAPE 4,52,DIW(N),COILE(N),COISEP(N),ANLAY(N),DWIR(N),
XSPTUR(N),SPLAY(N),FTLB(N),( CURAT(I,N),I=1,NCURAT)
52 FORMAT (3F10.4,F1O.2/ 3F10.4,F10.2/5F10.5 )
READ INPUT TAPE 4,53, (ZC(L),RC(L),L=1,NPOSI)
53 FORMAT (8F9.4)
CALL SPECSM
IF (NCHOIX) 16,16,17
17 CALL CURCAL
16 CALL HMULTI
WRITE OUTPUT TAPE 2,61, NCOIL
61 FORMAT( 29H1 MULTI COILS SOLENOID OF ,I5,15H COAXIAL COILS ///
1///51H SPECS OF THE COILS STARTING FROM THE LEFT COIL ///106H
2 COIL INSIDE DIAME THICKNESS OUTSIDE DIAM. COIL LENGTH CO
3IL SEPARAT ALPHA BETA
DO 4 N=1,NCOIL
4 WRITE OUTPUT TAPE 2,62,N,DIW(N),TWI (N),DOW(N),COILE(N),COI5EP(N),
XALPHA(N),BETA(N)
62 FORMAT(I8,7F14.4)
AA = 0.0
WRITE OUTPUT TAPE 2,69,AVDIW, AVTWIN,AVDOW, TCOILE,AA,AVALPAVBE
69 FORMAT(/40H- EQUIVALENT AVERAGED TOTAL SOLENOID //8X,7F14.4)
WRITE OUTPUT TAPE 2,63
63 FORMAT (128H2 COIL WIRE DIAM. TURN SPACE LAYER SPA SPACE FA
XC LAYERS TURN / LA TURNS FT / LB WIRE LENG WI
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XRE WEIG // )
DO 5 N=1,NCOIL
5 WRITE OUTPUT TAPE 2,64,N,DWIR(N),SPTUR(N),SPLAY(N),SPAFA(N),
XANLAY(N),TURLAY(N)TURN(N),FTLB(N)WILEN(N),WEIG(N)
64 FORMAT (I8,4F12.4,2F12.2,3F12.1,F12.3 )
WRITE OUTPUT TAPE 2,70,AVWIR, AVSPTU,AVSPLA,AVS PA, AVNLAY,AVTULA,
XTOTURN,AVFTLB,TWIRL,TWEIG
70 FORMAT(/40H EQUIVALENT AVERAGED TOTAL SOLENOID //8X,4F12.4,2F
X12.2,3F12.1, F12.3// )
WRITE OUTPUT TAR5 26J, (N,RABBI(N),CMCR(N),COIND(N),HENR(N),
XN=1,NCOIL )
60 FORMAT (64H2 COIL HZ 0 / H INF MCR (KG/AMP)
X HENRY // (I8,F14.5,E14.6,2F14.5))
WRITE OUTPUT TAPE 2,59,RABBAV,CMCRAVCOINDU,HENRY
59 FORMAT ( // H AVERAG 4F14.5)
IF(NMATRI) 81,81,82
82 WRITE OUTPUT TAPE 2,65,ZCENT, NLEFT ,NSLI
WRITE OUTPUT TAPE2,72
72 FORMAT (98H R (IN) Z (IN) N
HZ (KG/AMP)
IND COF
HR (KG/AM
DO 73 L=1,NPOSI
WRITE OUTPUT TAPE 2,74,RC(L),ZC(L)
73 WRITE OUTPUT TAPE 2,75, (N, HRCOCO(N,L), HZCOCO(N,L), N=1,NCOIL
74 FORMAT (2F14.4 )
75 FORMAT (28X,I10, E20.6,E40.6)
81 CONTINUE
65 FORMAT ( 20H1 MAGNETIC FIELD // 29H BASIS OF COORDINATES
XT ,F10.4,41H IN. OF THE RIGHT SIDE OF THE COIL NUMBER,I3 ///3.1H
X INTEGRATION PROCEDURE ,I5,9H SLICES //)
IF (NCHOIX) 18,18,19
19 WRITE OUTPUT TAPE 2,30
30 FORMAT( 50H1 CURRENT FOR A MAGNETIC FIELD OF A GIVEN SHAPE
IF (NCHOIX -1 ) 20,20,21
20 WRITE OUTPUT TAPE 2,31
31 FORMAT (24H RADIAL FIELD GIVEN
GO TO 18
21 WRITE OUTPUT TAPE 2,32
32 FORMAT (23H AXIAL FIELD GIVEN
IF (KK-2) 22,23,23
23 WRITE OUTPUT TAPE 2,33
33 FORMAT (29H1 MATRIX ZERO OR SINGULAR
GO TO 100
22 WRITE OUTPUT TAPE 2,34, (RC(N),ZC(N),HGIVEN(N
34 FORMAT (//45H R (IN) Z (IN)
X(2F14.4,F14.5))
WRITE OUTPUT TAPE 2,35, (N,CURAT(1,N),N=1,NCO
35 FORMAT (///41H CURRENT RATIO TO GET THE G
),N=1,NCPMA)
H GIVEN
I
I
L)
VEN FIELD
A
//
//
X28H COIL RATIO //(I8,E20.6 ))
18 CONTINUE
DO 6 I=1NCURAT
WRITE OUTPUT TAPE 2,65,ZCENT NLEFT ,NSLI
WRITE OUTPUT TAPE 2,71,(N,CURAT(I,N),N=1,NCOIL)
WRITE OUTPUT TAPE 2,66,(RC(L),ZC(L),HRCO(I,L),HZCO(I,L),HTCO(I,L),
XTETA(I,L),L=1INPOSI)
DO 6 K =1,NAMP
WRITE OUTPUT TAPE 2,67, AMP(K),(N,AMPC(I,N,K), N=1,NCOIL)
6 WRITE OUTPUT TAPE 2,68, (RC(L), ZC(L), HR(I,K,L), HZ(I,K,L), HT(I,
XK,L),TETA(I,L),L=iNPOSI)
71 FORMAT(34H RELATIVE CURRENT IN THE COILS //(I10 ,F15.4,I10,
X F15.4,I10,F15.4II100F15.4 ))
66 FORMAT(//82H R IN. Z IN HR/I (KG/AMP) HZ/I (KG/AMP)
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)
)
/ )
X HT/I (KG/AMP) ANGLE OF HT //(2F10.4,3E16.6,F14.4))
67 FORMAT ( 23H1 CURRENT BASIS AMP. ,F10.4// 25H CURRENT IN TH
XE COILS //(I5,F15.4,I5,F15o4,I5,F15.4,I5,F15.4 ,I5,Fi5.4 ) )
68 FORlMAT (//82H R IN. Z IN. HR (KGAUSS) HZ (KGAUSS)
X HT (KGAUSS) ANGLE OF HT //(2F10.4,3F16.5,F14.4))
100 CONTINUE
GO TO 1
END
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APPENDIX
MACHINE PROGRAM FOR THE CALCULATION OF MAGNETIC
FIELD IN MULTICOIL SOLENOIDAL WINDINGS
A. 1 INTRODUCTION
The magnetic field of a finite solenoid can be calculated on its axis exactly, but the
method is tedious. Off-axis, the field can be expressed through elliptic functions, and
numerical integration or series expansion is required in practice. Precise field calcu-
lation of a multicoil solenoid requires the use of numerical methods.
This appendix is divided into four sections, followed by the IBM 7090 machine pro-
gram which was concomitantly developed, tested, and used for our magnetic-field
calculation. [This computer work was partly done at the Computation Center, M. I. T.]
A. 2 MAGNETIC-FIELD CALCULATION FOR A SINGLE FINITE COIL
a. General Relation
The magnetic field at any point of space is given by
f= Hoo. (A-l)
Here, .f is a dimensionless vector with magnitude always less than unity. Ho. is the
magnetic field of an infinitely long solenoid with the same characteristics; to wit,
H = nI (A-2)
where o = 4-r X 10- 7 henry/m, n is the number of turns in the solenoid axial length b,
and I is the current.
Because a solenoidal winding has cylindrical symmetry, there is no azimuthal
dependence; the space coordinates are defined by R, the radial distance from the axis,
and Z, the axial distance from a reference plane. The problem is then the calculation
of the normalized field components Or and z.' Figure 36 shows a solenoid, with
dimension and dimensionless ratios that will be used in the discussion that follows. The
symbols a, , y appearing there are the conventional ones.
b. Field on the Axis 9 0 - 9 2
Only the axial component is present. Direct integration of the Biot-Savart law leads
to the following equations.
For infinitely thin current sheet solenoid,
(0, z) =TL + 3 (A-3)
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Fig. 36. Coordinate configuration for a thick solenoid.
so that the center field y = 0 is
z(o, ) = P
1 + p
For a thick solenoid with constant current density through the winding,
Z *'0 z ) 2 a(o , ) 1--L P+v)
2(a-1)
a + /a2 + (+y)2
In + (-y) In
1 + 1 + (3+Y) 1 + J1 + (P3-y)
and the center field y = 0 is
z('O ) = - 1n
a /a2 p2
a+ a+ 
1+ /1+ 2
c. Field Off-Axis of a Single-Current Sheet
Our desire to calculate the magnetic field in the interior winding precludes the use
of expensive procedures such as the Garret spherical harmonics expansion90 '9 3 because
of nonconvergence in the winding. We use, therefore, a different method9 4 '9 5 with no
such limitation.
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(i) Field of a Current Sheet
The starting point is the vector potential of a current loop,9 1 '92 which has only the
azimuthal component
~J 0I rw R
A(r, z.) = 2° -c-cos d, (A-7)
where
C = Rc[rZ+z +1-Zrcos ]1 / 2 (A- 8 )
is the distance from
The symbols are
the source point to the field point.
explained in Fig. 37, in which we normalize all distances to the
CURRENT LOOP
CURRENT SHEET
Z- AXIS
---
a b bl bl + bc
r =j , Z = , ' 1 RC z2 -RC RC
Fig. 37. Coordinate configuration for a current loop and a current sheet.
radius of the current loop.
For a current sheet extending from z = z1 to z = Z2, the vector potential becomes
dO cos dz
00 Rc TZ1
zH [rZ+zZ+l-2r cos ]1/ z
(A-9)
where H.o is the field of the infinitely long current sheet (Eq. A-2).
The integration with respect to z can be carried out, provided the order of integration
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is changed. Then, using the identity
F(cos ) d = [F(cos e)+F(-cos )] d (A- 10)
0 0
and extending the limit of integration z 2 to infinity, we obtain the vector potential of a
semi-infinite cylindrical current sheet
R c /2 z + Q+
A(rz) = H - dO cos O In (A- 1i )
As(r,z)= OZ 0 z+Q
Here
Q+ = [r2+zZ+ 1 +2r cos ]1 /2, (A- 12)
Q_ = [r +z 2+1-Zr cos (A- 13)
The radial and axial magnetic field are then derived from the vector potential A,,.
We have
aA (r, z)
H = - (A- 14)r 8z
Hz =R aR [RcA ,(r, z (A-15)
which applied to (A-11 ) gives for the normalized field of a semi-infinite current sheet
r /2 'cos 2 Od , (A-16)
Q+Q_(Q++Q_)
and
z9 (r, Z) = 2i 3= do cos 0 in +
z~r~z) ~0 z + Q_
(z+Q+)(z+Q_ )(Q++Q_) z+Q+ + A-17)
When z is negative (that is, for a field point inside the current sheet), z becomes
indeterminate (o-oo) because z + Q_ = 0 for 0 = 0. The difficulty can be resolved by using
the relations proper to a semi-infinite current sheet based on the superposition principle.
The field and its image with respect to the end plane of the current sheet are related as
follows:
(a) inside the winding r < 1.0
2z*(r, -z) = -7z(r, z) + 1. 0; (A- 18)
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for z = 0, Mz(r, 0)= 0. 5
(b) on the current sheet r = 1. 0
X9 (1. 0, -z) - (1. 0, z) + 0. 5;Z Z
for z = 0, z(1. 0, 0) = 0.25
(c) outside the current sheet r > 1. 0
,fz (r -z) = (r, z);
for z = , 9z(r, 0) = 0.0.
The field of a finite current sheet is obtained by superposition
current sheets extending from the two ends of the sheet, leaving a
only over the desired axial range. Hence, assuming that the field
right-hand quadrant of the current sheet (Fig. 36), we have
r rr/z
r(r, Z1 ) 2r Jod 1 2 7r~~
of positive and negative
nonzero contribution
point is in the upper
dO cos 2 0 1 _ 1
Qi+Ql-(Ql++Q1-) Q2+Q2-(Q2++Q2 - )
(A- 24)
The axial field is more complicated. First, we shall define
the axial field is
-z(r, zl)= E+2 X-Z 1 27r~
P = z + Q. For z, <0.0,
dO cos r In 1 P2 +2 os 
1r~ + +
where the discontinuous function
E = (1. 0 for r < 1), (0. 5, r = 1), (0, r >1)
arises from the discontinuity in H at the current sheet r = 1.
The quantity D is for (D1 or D):
D + +=
P+p_(Q+ +Q_) Q;Q_ (P+Q_) z .
The subscripts 1 and 2 refer to the right and left ends of the current sheet.
For the special case z1 = 0,
(A-25)
(A-26)
(A- 27)
.z (r, 0) = E + /O, 21 0 ~0 dO cos O{ ln P2- 2 cos 0 D,
where
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(A-19)
(A-20)
(A-21 )
(A-22)
(A-23)
(A-28)
I _ _
(-D -D? I
E = (0.5, r <1), (0. 25, r= 1), (0, r > 1).
o
For zl > 0. 0, there are no discontinuities, and
z(r, z1 ) = 2rd O cos 1_ P P2+
z I 1Z Tr 0 P 1r p 2 + 2c
.z 1) , dc °{ l+ 2 cos e (D -Di (A- 3 )
The magnetic field in the other quadrants of the solenoid is related to that in the
upper right-hand quadrant mid-plane symmetry relations. That is,
z (i±r, -Y) = ,Vz(±r, y) (A-31)
7r(-r, y)= r(r,-) -y) X(r, y) (A-32)
tr(-r, -¥) = '°r(r, y), (A-33)
where y is the normalized distance to the solenoid mid-plane (Fig. 36).
From our definition of coordinates, we have
r= frl (A-34)
Z1 IYI 2 (A-35)
z2 IY1 +' (A-36)
The absolute values of r and y refer to the transformation of coordinates to the upper
right quadrant.
The numerical integration of the integrals (Eqs. A-25, A-27, A-29) is carried out by
a Gauss-Legendre quadrature of order9 6 M:
B M
,s F(O) d = Bw-AF(m), (A-37)
m= 1
which is exact up to the 2M-1 order polynomial approximation of the function. 9 6 's
m
are calculated from the roots of the Legnedre polynomials u of order M, and limit 0-1
by a suitable change of variable. We take advantage of the symmetry of the root u and
weighting coefficients w so that
Om =u (B-A)+A (A-38)
and
OM- m = -Um(B-A) + B. (A-39)
In this way, (A-37) is rewritten in a form ready for computation:
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M/2
A. B-1 A W[F(0)+F(OMm )] (A40)
m= 
The values of u and w have been published. 9 7
When the field point approaches the corner of the current sheet, that is, I r- I and
I z I - 0, the integrands of both . r and .Yz becomes very large when 0 is small because
then Q_ - 0. The error of a unique Gaussian quadrature becomes appreciable. To keep
the accuracy at high level, it is necessary to split the range of integration, with emphasis
in the range 0 0. 0. Also, it appears that Q_ must be calculated as
Q_ = z2+(r-1)2+4r sin2 ( (A-41)
to avoid undue round-off error.
A series of tests of the integration procedure and comparison of the results with the
Alexander and Downing tables 9 5 showed that the best accuracy is obtained with a tenth-
order Gaussian quadrature. At higher order, the accuracy starts to degrade, probably
because of the round-off error of the machine computation; the accuracy is at least 10
and most probably 2-5 X 10 . When the field point comes close to the current-sheet
corner, the best accuracy is obtained for a three-part splitting of the range; that is,
r/S~2 {0.0625 r0o. 250 Tr/2
=3 +3 + . (A-42)
0 0 0. 625 0.250
The change of the integration procedure from one to three parts must occur in the
vicinity of r-1l and Iz = 0.4. By this means, the accuracy of at least 10 6 can be
maintained up to I r-1 1 and zl I 0. 0005, which is close enough for any practical pur-
pose. The singularity of the integrand of r at r = 1. 0 and z = 0 is not a concern in the
numerical integration, since in the Gaussian quadrature the value 0 = 0 is never com-
puted.
d. Field Off-Axis of a Thick Solenoid
The integration over the winding thickness is approximated by summation of a dis-
crete radial set of N current sheets equally spaced across the winding. N is arbitrary
in our procedure so that the accuracy of approximation is unlimited.
The physical radius of the n t h current sheet (<n•<N) is
1
n- 
R R. + N 2 (Ro-Ri), (A-43)
so that the normalized dimension of the nth current sheet becomes
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c,n c,n
Note carefully the appearance of the sheet radius in the denominators of (A-44), rather
than the numerators. We remind the reader that dimensionless distances r, z refer to
the field point, with unit-radius coil. Thus if the coil is larger, the field coordinates
are smaller.
The normalized field of the N current sheets, for a homogeneous current distribu-
tion, becomes
N
i(r, z) = E '(rn , n), (A-45)
n= 1
where r, z coordinates on the left-hand term are most conveniently referred to a new
frame based on the mid-plane of the coil and the axis, and the distances are normalized
to the inside radius of the coil.
If we have a 1/R current distribution, as in a Bitter-type solenoid, then
,e(r, z) R X ( R 1) (r n Zn) , (A-46)
R \cn/
n=l 
where
N
R E \Rcnf  (A-47)
n= c, n
There is no definite rule for selecting the optimum number of current sheets into
which to divide a thick solenoid; trial-and-error procedure is recommended. Simple
logic says that the order of splitting must increase at constant accuracy when the field
point comes closer to the winding, or when the thickness of the coil increases. We found
that for a thin solenoid with a 1.15 an accuracy of 10- 5 is obtained for r < 0. 5 with
5 current sheets, and for r < 0. 95 with 10 current sheets. Inside the winding it seems
that the number of current sheets equal to the physical number of winding layers should
be an upper limit to the splitting.
The matter can be viewed in another way. The difference between the discrete-sheet
approximation and the (supposedly continuous) current distribution is the current distri-
bution itself minus the set of discrete 6-functions represented by the sheets. The aver-
age value of the combination is zero, and the error is that of a harmonic structure with
repetition distance A equal to the sheet spacing. The field from such a harmonic multi-
polar structure decreases with axial distance approximately as exp(-A/z), and rather
similarly with radial distance. Therefore the error caused by the discrete-sheet
approximation is negligible at distances greater than a few sheet spacings.
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A. 3. FIELD OF A MULTICOIL SOLENOID
The field of a multicoil solenoid is found by the superposition of the individual coil
contributions. Assuming a coaxial system, we have simply to sum each of the radial
and axial components.
With a set of J coils,
J
H(r, z) = GkjI j , (A-48)
j=1
where
NT(¥ X(r i , (A-49)Gkj= Ao b(¥) zj)(A- 49 )
and I. refers to the field shape and current of the jth coil. Here also (r, z) on the left-
hand side refer to an arbitrary plane of reference and suitable changes of z variables
which have to be made to calculate rj and zj peculiar to each coil.
Equation A-48 lends itself to a number of useful purposes. First, the current I can
be normalized to the current Ig in the gth coil; then the problems of field shaping and
field magnitude are separated. Second (A-43) can be computed for a number of field
points; and for the kth point, the jth coil contributes a term Gkj. Thus for the K field
points, we can write the matrix equation
H [ Ig Xi1 (A-50)
Here, i = Ij/Ig is the normalized current in the jth coil.
The computation scheme developed here calculates in the first step the matrix G(k, j)
from which many linear combinations of the current ratio ij and reference current Ig can
be worked out with little additional computation time.
A. 4 DETERMINATION OF REQUIRED COIL CURRENTS FROM A
GIVEN FIELD SHAPE
The determination of coil currents to produce a required field defined at k points
implies solving (A-50) for ij when Hk is solved. The complete determination of the
problem requires that GK J be a regular square matrix. If we have J degrees of free-
dom in the current, HK must be specified in just J points also. The solution is
= G(K J) X H(K) (A-51)
where G- ' is the inverse matrix of G.
When several coils are series-connected, the degree of freedom is naturally reduced.
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The matrix element of each series set must be summed to build up the correct matrix G.
A. 5 MACHINE PROGRAM FOR THE CALCULATION OF MAGNETIC FIELD
a. Description
The program, labeled MUCUR4, is divided into a main program which is essentially
an input-output and calling program, and four subprograms. Figure 38 gives the flow
chart of the complete program. The first subroutine called (SPECU) is concerned only
Fig. 38. General flow chart of the machine program for the
calculation of magnetic field.
with the specifications of the coils for which various useful parameters are calculated.
The next subroutine (CURCU) is called by the main program only when field-current
inversion is desired. The matrix elements necessary for the inversion are first calcu-
lated and then the matrix equation is solved. The third subroutine (HMULTI) calculates
the matrix element and sums the contribution of the individual coils for various current
ratios and current magnitude.
The last two subroutines are dependent on the single-coil field calculation (FUNIVC)
subroutine which provides the basis for calculating the matrix elements. The flow chart
of this program is shown in Fig. 39. As can be seen, it follows very closely the calcu-
lation scheme developed in section A. 2.
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Fig. 39. Flow chart of the subprogram for the calculation of the magnetic
field of a single coil.
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b. Performance
With the IBM 7090 computer the following calculating times have been observed:
(i) field on the axis thick solenoid: -0. 004 second per point and per coil;
(ii) field off axis: -0. 035 second per point per coil and per current sheet for field
point far away from the corner; the time is approximately 0. 08 second for a close-to-
the-corner field point. It follows that for a 24-coil solenoid having 5 current sheets, the
computation time is 4. 2 seconds per field point.
c. Operating Instruction and FORTRAN Listing
The first data card provides several control data for the program; in particular, if
the field-current conversion is not desired (NCHOIX = 0), or is desired, assuming we
specify,the H field (NCHOIX = 1) or the H field (NCHOIX = 2). Also, we may wish to
have the matrix read out of the computer (NMATRI = 1), or not (NMATRI = 0). All of
the other symbols are readily apparent from the FORTRAN listing which is reproduced
on the following pages.
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C SUBPROGRAM FOR THE CALC. OF COILS PARAMETERS
LIST8
SYMBOL TABLE
LABEL_
CSPECU5 SPECIFICATION OF THE INDIVIDUAL COILS AND AVERAGING
SUBROUTINE SPECSM
DIMENSION DiW(30) TWI(30), DOW(30), COILE(30)t COISEP(30), DWIR
X(30), SPTUR(30), PLAY(30), SPAFA(30), ANLAY(30), TURLAY(30)
2TURN(30), FTLB(30), WILEN(30), WEiG(30) ALPHA(30) BETA(30),
3CURAT(530), RC(100) ZC(100), HRCO(5,100), HZCO(59100) HTCO(5
4100),AMP(4), HR(5,4,100), HZ(54100) HT(5,4,100),TETA(5,100),
5COICO(30),AMPC(5,30,4),ZCOIL(30),HRCOCO(30,1l0),HZCOCO(30,100)
6,RABBI(30), CMCR(30), COIND(30), HENR(30)HGIVEN(30), NCP(30)
7 ICP(30), HCA(30,30), BA(30,1), DA(30),SPARE(20)
COMON DIW, TWI, DOW, COILE, COISEP, DWIR, SPTUR, SPLAY, SPAFA,
1ANLAY, TURLAY, TURN, FTLB, WiLEN, WEIG, ALPHA, BETA, CURAT, HRCO,
2HTCO AP, RC, ZC HR, HZ, HT, TTA, PI CMEIN CMU TCOILEq TWIRL
3,TWEIG, TOTURNAVSPA, AVNLAY,AVTWIN, AVDIW)AVDOWAVALP, AVbE,
4AVSPTU, COINDU 9 HENRYNCOILNCURATNAMPNPOSI NSLI,
5NLEFT,ZCENTCOICOAMPCAVWIRAVTULA HZCOAVSPLAAVFTLB
6HRCOCO,HZCOCOZCOILRABbICMCRCOINDH£NRRABBAVCMCRAVHGIVEN,
7NCPMA,NCHOIX,NCUSLTNCPICP,KK,HCABADASPARE
RINF(A,B) = B * LOGF( (A+ SRTF(A*A+B*B))/(1.O+SQRTF(1.0+bi*B)))
X /(A-1.0)
COINF(A,B,SPTWD,CDTU ) = (A+1.0)**2/4.0* (1.0/( 1.0+(0.225-
XO.00125*(A+1.0)/B) * (A+1.C)/B + 0.64*(A-1.0)/(A+1.0) +0.42*(
XA-1.0)/B ) -SPT*4.0/ (CD* PI*(A+1.0) ) *(LOGF(1.73*WD/SPT)
X+0.336*(1.0-2.5/TU+3.8/TU**2 )))
PI = 3.141592653
CMEIN = 0.0254001
CMU = 4.0*PI*O.000001
CIND = CMU*PI*CMEIN/40.0
CSOL = CMU/CMEIN
ARWIR = 00
AVNLAY = 0.0
AVTWIN = 0.0
TCOILE = - COISEP(NCOIL)
TWIRL = 0.0
TOTURN = 0.0
AVDIW = 0.0
TWEIG = 0,0
DO 2 N=1,NCOIL
TWI(N) = SPLAY(N) * ANLAY(N)
DOW(N) = DIW(N) + 2.0*TWI(N)
ALPHA(N) = 1.0 + 2.0*TWI(N) / DIW(N)
BETA(N) = COILE(N) / DIW(N)
TURLAY(N) = COILE(N) / SPTUR(N)
TURN(N) = TURLAY(N) * ANLAY(N)
SPAFA(N) = PI / 4.0 * DWIR(N)**2/ SPTUR(N)/ SPLAY(N)
WILEN(N)= PI*DIW(N)* (ALPHA(N) + 1.0)*TURN(N) /24.0
WEIG(N) = WILEN(N)/ FTLB(N)
ARWIR = ARWIR +TURN(N)*DWIR(N)**2
TOTURN = TOTURN + TURN(N)
AVTWIN = AVTWIN + TWI(N)
AVNLAY = AVNLAY+ ANLAY(N)
TCOILE = TCOILE + COILE(N) + COISEP(N)
TWEIG = TWEIG +WEIG(N)
TWIRL = TWIRL+ WILEN(N)
AVDIW = AVDIW + DIW(N)
RABBI(N) = RINF (ALPHA(N),BETA(N)
CMCR(N)= CSOL * TURN(N) / COILE(N) *RABBI(N)
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COIND(N)= COINF(ALPHA(N)BETA(N)vSPTUR (N),DWIR(N),DIW(N),TURN(N))
HENR(N) = CIND*DIW(N)* TURN(N)**2/BETA(N)*COIND(N)
2 CONTINUE
AVTWIN = AVTWIN/ FLOATF(NCOIL)
AVNLAY = AVNLAY/ FLOATF(NCOIL)
AVSPLA = AVTWIN / AVNLAY
AVDIW = AVDIW/ FLOATF(NCOIL)
AVFTLB = TWIRL / TWEIG
AVWIR = SQRTF(ARWIR/TOTURN)
AVSPA = ARWIR / AVTWIN /TCOILE
AVTULA = TOTURN/AVNLAY
AVSPTU = TCOILE / AVTULA
AVDOW = AVDIW+ 2.0*AVTWIN
AVALP = 1.0 + 2.O*AVTWIN/AVDIW
AVBE = TCOILE / AVDIW
RABBAV = RINF(AVALP,AVBE)
CMCRAV = CSOL*TOTURN/TCOILE *RABBAV
COINDU = COINF (AVALP,AVBEAVSPTU,AVWIR,AVDIWTOTURN)
HENRY = CIND*AVDIW*TOTURN**2/AVBE*COINDU
RETURN
END
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C SUBPROGRAM FOR CALC. OF THE COILS-CURRENT DISTRIBUTION WHICH
C WILL GENERATE A GIVEN FIELD PROFILE
c* LIST8
* SYMBOL TABLE
· * LABEL
CCURCU4 MATRIX INVERSION AND CURRENT RATIO CALCULATION
SUBROUTINE CURCAL
DIMENSION DIW(30), TWI(30), DOW(30), COILE(30), COISEP(30), DWIR
X(30), SPTUR(30), SPLAY(30), SPAFA(30), ANLAY(30), TURLAY(30),
2TURN(3C), FTLB(30), WILEN(30), WEIG(30), ALPHA(30), BETA(30),
3CURAT(5,30), RC(100), ZC(1OQ), HRCO(5,100), HZCO(5,100), HTCO(5,
4100),AMP(4), HR(5,4,100), HZ(5,4,100), HT(5,4,100),TETA(5,100),
5COICO(30),AMPC(5,30,4),ZCOIL(30),HRCOCO(30,100),HZCOCO(30,100)
6,RABBI(30), CMCR(30), COIND(30). HENR(30),HGIVEN(30), NCP(30),
7 ICP(30), HCA(30,30), BA(30,1), DA(30),SPARE(20)
COMMON DIW, TWI, DOW, COILE, COISEP, DWIR, SPTUR, SPLAY, SPAFA,
1ANLAY, TURLAY, TURN, FTLB, WILEN, WEIG, ALPHA, BETA, CURAT, HRCO,
2HTCO, AMP, RC, ZC, HR, HZ, HT, TETA, PI, CMEIN, CMU, TCOILE, TWIRL
3,TWEIG, TOTURN,AVSPA, AVNLAY,AVTWIN, AVDIW,AVDOW,AVALP, AVBE,
4AVSPTU, COINDU,HENRY,NCOIL,NCURAT,NAMP,NPOSI,NSLI,
5NLEFT,ZCENT,COICO,AMPC,AVWIRAVTULA ,HZCO,AVSPLA,AVFTLB ,
6HRCOCO,HZCOCOZCOILRABtI,CMCRCOINDHENRRABBAVCMCRAVHGIVEN,
7NCPMA,NCHOIX,NCUSETNCPICPKK,HCABADASPARE
ZCEN = ZCENT- COISEP(NLEFT)
DO 6 N=1,NLEFT
6 ZCEN = ZCEN + COILE(N) + COISEP(N)
DO 8 N=1,NCOIL
8 COICO(N) = CMU* TURN(N) / (CMEIN * COILE(N))
ZCOIL(1) = ZCEN - 05* COILE(1)
DO 7 N=2,NCOIL
7 ZCOIL(N) = ZCOIL(N-1) - 0.5*(COILE(N-1)+COILE(N))-COISEP(N-1)
DO 30 L=1,NPOSI
DO 30 N=1,NCOIL
ZAB = ZCOIL(N) + ZC(L)
CALL FUNIVC(DIW(N),TWI(N),COILE(N),NSLIRC(L),ZAB,HRCOCO(N,L),
XHZCOCO(N,L) )
HRCOCO(N,L) = HRCOCO(N,L) * COICO(N)
30 HZCOCO(N,L) = HZCOCO(N,L) * COICO(N)
DO 1 L =1,NCPMA
NCIN = 1
INCR = 0
DO 1 I=1NCPMA
NCIN = NCIN + INCR
NCFI = NCP(I) + NCIN - 1
HCA (L,I) = 0.0
DO 4 J=NCIN,NCFI
M = ICP(J)
IF (NCHOIX-1) 19,2,3
2 HCA(L,I) = HCA(L,I) + HRCOCO(M,L)
GO TO 4
3 HCA(L,I) = HCA(L,I) + HZCOCO(M,L)
4 CONTINUE
INCR = NCP(I)
1 CONTINUE
1C KK = 1
ANOR = HGIVEN(1)
DO 5 M=,NCPMA
BA(M,KK) = HGIVEN(M) / ANOR
5 CONTINUE
11 CC = 1.0
M = XSIMEQF(30,NCPMAKKHCABACCDA
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GO TO (12,13,13), M
13 KK = 2
GO TO 19
12 INCR = 0
NCIN = 1
DO 20 I=l,NCPMA
NCIN = NCIN + INCR
NCFI = NCP(I) + NCIN - 1
DO 14J=NCINNCFI
M = ICP(J)
14 CURAT(1,M) = HCA(I,KK)
20 INCR = NCP(I)
ANOR = CURAT(1,NCUSET)
DO 15 N=1,NCOIL
15 CURAT(1,N) = CURAT(1,N) / ANOR
19 RETURN
END
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C SUBPROGRAM FOR CALC. OF AXIAL AND RADIAL FIELD
C OF INDIVIDUAL COILS
* LIST8
SYMBOL TABLE
* LABEL
CHMULT2 SUMMATION OF THE AXIAL AND RADIAL FIELD OF THE
SUBROUTINE HMULTI
DIMENSION DIW(30), TWI(30), DOW(30), COILE(30) C
X(30), SPTUR(30), SPLAY(30), SPAFA(30), ANLAY(30),
2TURN(30), FTLB(30),
3CURAT(5,30), RC(100
4100),AMP(4), HR(5,4
5COICO(30),AMPC(5,30
6,RABBI(30), CMCR(3C
7 ICP(30), HCA(30,30
OF A SET
IND. COILS
OISEP(30), DWIR
TURLAY(30),
WILEN(30), WEIG(30), ALPHA(30), BETA(30),
), ZC(100), HRCO(5,100), HZCO(5,100), HTCO(5,
,100), HZ(5,4,1CO), HT(5,4,100),TETA(5,100),
s,4),ZCOIL(30),HRCOCO(30,100),HZCOCO(30,100)
J), COIND(30), HENR(30),HGIVEN(30), NCP(30)
), BA(30,1), DA(30),SPARE(20)
COMMON DIW, TWI, DOW, COILE, COISEP, DWIR, SPTUR, SPLAY, SPAFA,
1ANLAY, TURLAY, TURN, FTLB, W.ILEN, WEIG, ALPHA, BETA, CURAT, HRCO,
2HTCO, AMP, RC, ZC, HR, HZ, HT, TETA, PI, CMEIN, CMU, TCOILE, TWIRL
3,TWEIG, TOTURN,AVSPA, AVNLAY,AVTWIN, AVDIW,AVDOW,AVALP, AVBE,
4AVSPTU, COINDU,HENRY,NCOIL,NCURAT,NAMP,NPOSI,NSLI,
5NLEFT,ZCENT,COICO,AMPC,AVWIR,AVTULA ,HZCO,AVSPLA,AVFTLB ,
6HRCOCO,HZCOCO,ZCOIL,RABI,CMCR,COIND,HENR,RABBAV,CMCRAVHGIVEN,
7NCPMA,NCHOIX,NCUSET,NCP,ICP,KK,HCA,BA,DA,SPARE
DO 3 N=1,NCOIL
DO 3 K=1,NAMP
DO 3 I=1,NCURAT
3 AMPC(I,N,K) = AMP(K) * CU
IF (NCHOIX) 4,4,6
4 ZCEN = ZCENT- COISEP(NLEFT)
DO 1 N=1,NLEFT
1 ZCEN = ZCEN + COILE(N) + CO
DO 5 N=1,NCOIL
5 COICO(N) = CMU* TURN(N) /
ZCOIL(1) = ZCEN - 0.5* COIL
DO 2 N=2,NCOIL
2 ZCOIL(N) = ZCOIL(N-1) - 0.5
RAT(I N)
ISEP(N)
CMEIN * COILE(N))
E(1)
;*(COILE(N-1)+COILE(N) )-COISEP(N-1)
DO 30 L=1,NPOSI
DO 30 N=1,NCOIL
ZAB = ZCOIL(N) + ZC(L)
CALL FUNIVC(DIW4N),TWI(N),COILE(N),NSLI,RC(L),ZAB,HRCOCO(N,L),
XHZCOCO(N,L) )
HRCOCO(N,L) = HRCOCO(N,L)
30 HZCOCO(N,L) = HZCOCO(N,L)
6 DO 40 I=1,NCURAT
DO 40 L=1,NPOSI
HRCO(I,L) = 0.0
HZCO(I,L) = 00
DO 20 N=1,NCOIL
HRCO(I,L) = HRCO(I,L)+ HR
HZCO(I,L) = HZCO(I,L)+ HZ
20 CONTINUE
TETA(I,L) = ATANF(HRCO(I,
HTCO(I,L) = SQRTF(HZCO(I,
DO 40 K=1,NAMP
HR(I,K,L) = HRCO(I,L) * A
HZ(I,K,L) = HZCO(I,L) * A
HT(I,K,L) = HTCO(I,L) * A
40 CONTINUE
RETURN
END
* COICO(N)
* COICO(N)
tCOCO(N,L) * CURAT(I,N)
7COCO(N,L) * CURAT(I,N)
L) / HZCO(I,L) )*180.0 /PI
L)**2 + HRCO(I,L)**2)
iMP(K)
,MP(K)
,MP(K)
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C SUBPROGRAM FOR THE CALC. OF THE AXIAL AND RADIAL FIELD OF A SINGLE
C COIL FOR ONE SPACE POINT AT ANY POSITION IN RESPECT OF THE COIL
* LIST8
SYMBOL TABLE
* LABEL
CFUNIC1 UNIVERSAL SUB.FOR THE CAL. OF THE MAGNETIC FIELD
SUBROUTINE FUNIVC ( DI,TW,SL,NSLI,RC,ZC,HR,HZ)
DIW =DI
TWI =TW
SOL = SL
NS =NSLI
RCA =RC
ZCA = ZC
SOLH = SOL/2.0
RIW = DIW / 2.0
RLI = RIW*0.00001
IF(RCA-RLI)70,70,71
70 IF(RCA+RLI) 71,72,72
C CASE OF THE FIELD ON THE AXIS
72 BE = SOL/DIW
ALP = 1.0+TWI/RIW
GA = ZCA/RIW
BEN = BE - GA
BBN = BEN*BEN
BEP = BE + GA
BBP = BEP *BEP
AA = ALP*ALP
IF(ALP-1.00100) 74,74,75
C VERY THIN WINDING
74 HZE =(BEN/SQRTF(1.0+BBN) + BEP/SQRTF(1.0+BBP))/2.0
HRE = 0.0
C CALCULATION TERMINATED
GO TO 73
C THICK WINDING
75 HZE = (BEN* LOGF((ALP+ SQRTF(AA+BBN)) / (1.0+SQRTF(1.0+BBN))) +
XBEP* LOGF((ALP+SQRTF(AA+BBP))/(1i0+SQRTF(10+BBP)))) /
X(2.0*(ALP-1.0))
HRE = 0,0
C CALCULATION TERMINATED
GO TO 73
C CASE OF THE FIELD OFF THE AXIS
71 PI = 3.141592653
PID = 6.283185306
PIH = 1.5707963267
ANS = FLOATF(NS)
DSL = TWI/ANS
HRE = 0.0
HZE = 0.0
C TRANSFORMATION OF COORDINATES TO THE UPPER RIGHT HAND QUADRANT
IF(ZCA) 76,77,77
76 ZCB = -ZCA
GO TO 78
77 ZCB = ZCA
78 IF(RCA) 79,80,80
79 RCB = -RCA
GO TO 81
80 RCB = RCA
C STARTS SUMMATION FOR THE N CURRENT-SHEETS
81 DO 99 N=1,NS
RS = RIW + DSL* (FLOATF(N) - 0.5 )
R = RCB / RS
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RD = R-1.0
ZRB=(ZCB-SOLH) / RS
ZL = (ZCB+SOLH) / RS
C TRANSFORMATION OF THE ZR COORDINATE IF ZR IS NEGATIVE
IF (ZRB) 9,10,10
9 ZR = -ZR6
GO TO 11
10 ZR = ZRB
11 ZZR = ZR*ZR
ZZL = ZL*ZL
RR = R*R
RRD = RD*RD
CAR = ZZR+RR+1.O
CAL = ZZL+RR+1.0
CB = 2.0*R
CD = 2.0*CB
CCR = ZZR+RRD
CCL = ZZL+RRD
RDP = RD*(R+1.0)
CER = ZZR-RDP
CEL = ZZL-RDP
HRA = 0.0
HZA = 0.0
C START DECISION IF THE RANGE OF INTEGRATION SHOULD BE OR NOT CUT
IF(ZR-O04) 21,22,22
21 IF(RD+0.4) 22,22,23
23 IF(RD-0.4) 24,22,22
22 NINI = 1
NFIN = 1
NCHNE = 0
GO TO 25
24 NINI = 2
NFIN = 4
NCHNE = 1
25 DO 41 K=NINI,NFIN
GO T0(47,48,49,50) , K
C GIVE THE LIMIT OF THE RANGE OF INTEGRATION
47 A = 0.0
B = PIH
GO TO 6
48 A = 0.0
B = 0.0625
GO TO 6
49 A = 0.0625
B = 0.25
GO TO 6
50 A = 0.25
B = PIH
6 DBA = B-A
HRIN = 0.0
HZIN = 0.0
C START THE 10 POINTS GAUSSIAN QUADRATURE, TAKING ADVANTAGE OF THE
C SYMMETRY
DO 27 M=1,5
HRM = 0.0
HZM = 0.0
NCOUM = 0
14 GO TO (1,2,3,4,5) , M
1 U =0.0130467357
W 0.03333567215
GO TO 15
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2 U = 0.0674683167
W = 0.07472567458
GO TO 15
3 U = 0.1602952159
W = 0.1095431813
GO TO 15
4 U = 0.2833023029
W = 0.1346333597
GO TO 15
5 U = 0.4255628305
W = 0.1477621124
15 DBAB = U*DBA
17 TETA = DBAB + A
52 CONTINUE
C LOOP POINT FOR CONTINUATION OF THE GAUSSIAN QUADRATURE
C THE INTEGRATION COMPUTATION REALLY STARTS
DA = COSF(TETA)
DB = DA*CB
IF(NCHNE) 42,42,43
C USE THE HIGHER PRECISION MODE FOR THE CALCULATION OF QN
43 DC = SINF(TETA/2.0)
DD = CD*DC**2
QNR = SQRTF(CCR+DD)
QNL = SQRTF(CCL+DD)
GO TO 44
42 QNR = SQRTF (CAR-DB)
QNL = SQRTF (CAL-DB)
44 QPR = SQRTF (CAR+DB)
QPL = SQRTF(CAL+DB)
DE = DA*DA
DQR = QNR+QPR
DQL = QNL+QPL
51 HRI = DE/(QNR*QPR*DQR) - DE/(QNL*QPL*DQL)
ZQPR = ZR+QPR
ZQNR = ZR+QNR
ZQPL = ZL+QPL
ZQNL = ZL+QNL
IF(ZRB) 18,19,20
C THE CALCULATION HZ WILL BE DONE ACCORDINGLY DEPENDING IF ZR IS LESS,
C EQUAL OR BIGGER THAN ZERO
18 HZI = DA* (LOGF(ZQNR/ZQPR*ZQNL/ZQPL) / R -2.0*DA*( (CER/QNR/QPR*
X(ZQNR+QPR) +ZR )/(ZQNR*ZQPR*DQR) + (CEL/QNL/QPL*(ZQNL+QPL)+ZL) /
X(ZQPL*ZQNL*DQL ) )
GO TO 61
19 HZI = DA* ( LOGF(ZQNL/ZQPL) / R - 2.0*DA/(ZQNL*ZQPL*DQL) *
X(CEL/QNL/QPL*(ZQNL+QPL) + ZL ) )
GO TO 61
20 HZI = DA* ( LOGF(ZQPR/ZQNR*ZQNL/ZQPL) / R +2.0*DA*( (CER/QNR/QPR*
X(ZQNR+QPR) +ZR )/(ZQNR*ZQPR*DQR) - (CEL/QNL/QPL*(ZQNL+QPL)+ZL) /
X(ZQPL*ZQNL*DQL) ) )
61 HRM = HRM + HRI
HZM = HZM + HZi
IF(NCOUM) 12,12,13
12 NCOUM = 1
16 TETA = B - DBAB
GO TO 52
13 HRIN = HRIN + HRM *W
27 HZIN = HZIN+ HZM *W
C END OF THE GAUSSIAN INTEGRATION
C START THE SUMMATION OF THE INTEGRALS WHEN THE RANGE IS DIVIDED
HRA = HRA + HRIN*DBA
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41 HZA = HZA + HZIN * DBA
C GIVE THE EXACT VALUE FOR HZ AND NORMALIZE
HZA = HZA / PID
IF(ZRB) 30,31,32
30 IF(RD) 33,34,32
33 HZA = HZA + 1.0
GO TO 32
34 HZA = HZA + 0.5
GO TO 32
31 IF(RD) 34,36,32
36 HZA = HZA + 0.25
32 HRE = HRE + HRA*CB/PI
99 HZE = HZE + HZA
C END OF THE SUMMATION OF THE CURRENT SHEETS
C NORMALIZE AND GIVE THE EXACT.SIGNE
HRE = HRE /ANS
HZE = HZE / ANS
IF (ZCA) 54,55,55
54 IF (RCA) 73,56,56
55 IF(RCA) 56,73,73
56 HRE = - HRE
C CALCULATION TERMINATED
73 HR =HRE
HZ - HZE
RETURN
END 209
* DATA
0 24
1.000
11.4000
00.01CO
-1.00000
C REPEAT
-30.0000
C REPEAT
3 4 100 5 1 12 0.6250
5.000 10.000 15.000
1.7750 0.1250 36.27 5150 4 P-01 X-23
0.0125 0.0223 3400.00 P-01 X-23
-0.75000 -0.75000
THE LAST 3 CARDS FOR EACH COIL
0.0000 -29.0000 0.0000 -28.0000 0.0000 -27.0000 0.0000
THE LAST CARD UNTIL THE END OF THE SPACE POINTS COORDINATES
9
TOTAL 568*
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